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ABSTRACT
Stretch forming is an important manufacturing process in the aerospace industry for the
production of structural components. Low precision products currently characterize this
process. Some of the reasons for this lack of precision are related to variations in the
production line such as changes in material properties, variations in material thickness,
loading procedures and environmental conditions. The actual part shape accuracy is also
affected by the method used to control the process. There are basically three modes of
control for stretch forming: force control, displacement control and strain control. To
improve the stretch forming process, the control mode must be insensitive to the above
mentioned production disturbances.
In this research it was shown, both theoretically and experimentally, that strain control is
the most robust approach. Controlling the strain in a part is less sensitive to production
errors because it uses real-time information of the material behavior during the process.
Experimental data shows that force control is the most sensitive (least robust) control
mode. Displacement control, which is a substitute for strain, is less sensitive than force;
however it can not compensate for errors during loading procedures or machine
compliance. It also requires more production time and experienced personnel to get an
acceptable product from the process.
Despite all its advantages, and a guaranteed improvement of production precision, strain
control is difficult to implement in an industrial environment. One of the biggest
problems is the strain measurement device. These sensors, for example strain gages, are
too delicate, and require more time and work to set up compared to the sensors used in
the other two modes of control. Therefore, deeper research in strain measurement is
suggested.
Thesis Supervisor: David E. Hardt
Title: Professor of Mechanical Engineering
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Chapter
One
INTRODUCTION
This chapter will present the research goal, the major reasons behind it and an outline of
the steps followed to complete the work. It also gives a brief description of what can be
found in other chapters of the thesis. This research is in part an extension of Andrew
Parris thesis: Precision Stretch Forming of Metal for Precision Assembly. Many of
the actions taken in this work comes from conclusions and recommendations presented
by Parris.
This research is part of the Reconfigurable Tooling for Flexible Forming (RTFF) project;
a collaborative project work between MIT, Northrop Grumman and Alstom Pressure
Systems to implement a reconfigurable die stretch forming machine.
1.1 AIRCRAFT INDUSTRY
One important component in the airplane industry is the airframe section. This section is
responsible of the design, manufacture and assembly of the structural components of an
airplane including the fuselage and wings. From a production point of view the most
significant task of this division is the assembly of individual components, and the joining
of assemblies with other assemblies. This requires the production of parts with tight
9
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tolerances. However the production of structural components in the airplane industry is
currently characterized by a low precision forming process requiring a lot of fitting and
rework in the assembly stage. A major cause of this rework is part shape variation [1].
Aerospace industries are constantly competing in a rapidly changing market. The
required handworking of parts increases the cost and time in an aircraft assembly, which
minimizes company profits. Therefore a better and more precise manufacturing process
to optimize part tolerances is required.
1.2 STRETCH FORMING PROCESS
Stretch forming is a manufacturing process in which sheets (or extrusions) are wrapped
around a die to make parts into one or several curves. The blank sheets of metal are
contoured over the die through a combination of bending and stretching. This technique
is widely used in the airplane industry to build structural components (refer to chapter 2
for more information in this process). There are different types of metal forming
processes, including matched die forming, roll bending and stretch forming. From these,
stretch forming is the most widely used method in the industry.
One of the factors that affect the accuracy of a forming process is the control method
used to form a part. There are three different ways in which this process can be
controlled. They are force, displacement and strain control (chapter 4); where force and
displacement control are the most widely used methods
10
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1.3 RESEARCH GOAL
The main objective in a forming process is to achieve high accuracy and repeatability of
the desired part shape. To achieve this goal the forming operation should be insensitive to
variations in the material properties, process procedures (e.g. loading of the sheet), press
structure (e.g. compliance) and environmental conditions.
To improve the stretch forming process, the use of a strain control system was suggested
and partially tested by Andrew Parris and Joe Boivin [2]. A manual implementation of
this controller showed the process to be less sensitive to variations in the above
mentioned parameters than force and displacement control in a production environment.
Therefore a strain control system seems like a good approach to help optimize the
production of formed parts.
The main goal of this research is to implement an automatic in-process strain control
system, and quantify precisely how and why strain control gives more accurate and
repeatable shapes than force or displacement control.
1.4 RESEARCH WORK
The research work in this thesis has two major parts: (1) implementing and (2) testing an
automatic in-process strain control system. Implementing the strain control system
requires an understanding of the strain distribution on the sheet. It also requires the
selection of sensors and the design of a control scheme and algorithm for an existing
forming press. This will be discussed in chapter 5. With regards to the experimental
testing, all the tests in this research are intended to help understand the strain control
system and determine if it is superior to force and displacement control. Chapter 6
explains these tests, and presents their results.
11
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1.5 CHAPTER CONCLUSIONS
Stretch forming is a manufacturing process widely used in the aerospace industry to form
parts for aircraft fuselage assemblies. This process is characterized by low precision
products, requiring extra work in the assembly stage. This requires aerospace industries
to optimize their manufacturing process to compete in today's market.
Strain control is suggested as an alternative stretch forming control mode to improve the
precision of parts. The main goal of this thesis is to implement an automatic strain
control system in an existing forming press and compare this control method to other
existing modes in the industry
12
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Chapter
Two
THE STRETCH FORMING PROCESS
The main goal of this chapter is to formally introduce the stretch forming process and
explain each step involved in forming a part, as well as the equipment available to do
this. Also specific details will be given about the actual equipment used for the research
experiments.
2.1 STRETCH FORMING
As mentioned before, Stretch Forming is a manufacturing process in which sheets (or
extrusions) are wrapped around a die to form parts into simple or compound curvature.
The blank sheets of metal are contoured over the die through a combination of bending
and stretching. This technique is widely used in the airplane industry to build structural
components. Some examples of these parts in an airplane are the wing leading edges,
pressure domes, wing skins and most all fuselage skin. Some of the materials that can be
used in this process are aluminum, magnesium (requires heating) and all ductile materials
and their alloys [3].
13
Chapter 2 The Stretch Forming Process
2.2 STRETCH FORMING EQUIPMENT
A stretch forming machine is a mechanical apparatus capable of bending and stretching a
part over some type of die surface. The main components of this system are a pair of
jaws, a tension system, a form-die and a controller. These components are schematically
represented in figure 2-1, and they are briefly explained bellow.
Part
Tension
Cylinder
Die
Tension
Cylinder
figure 2-1 Schematic representation of a stretch forming machine
The machine jaws are responsible of gripping the material during the forming process of
the part. The tension system is the heart of the stretch forming machine. There are
various methods to apply tension to the part, but the most widely used method in the
industry is hydraulic cylinders [4]. Hydraulic pressure can be easily regulated, allowing
stretching loads to be applied in a controllable manner. The form-die is the surface that
provides the desired shape. The type of die currently used in the industry is a continuos
die. Dies are usually made of steel, aluminum, hardwoods and plastics [3]. The
controller is responsible for coordinating the motions in the machine to execute the
stretch forming process. Control of mechanical cycling has advanced from the use of
14
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hand-operated valves for controlling direction, pressure, and flow rate of the hydraulic
fluid, to automatic operation with electronic controls and programmable controllers [3]
2.3 MIT RECONFIGURABLE DIE PRESS
Current stretch forming practices in the industry requires a solid die for each unique part
produced. The design of these dies is a time consuming and expensive process. In
current tooling methods, the correct die shape is determined iteratively. The
Reconfigurable Tooling for Flexible Fabrication (RTFF) Project is a proposed solution to
reduce tool design cycle times and fix costs associated with tooling-design, fabrication
and material.
The RTFF Project will improve the stretch forming process by implementing a
reconfigurable discrete die in the die design loop. This technology uses finite element
simulations to predict the initial die shape. Subsequent die shapes iterations are done
using an algorithm that compensates for deviations of the part shape from its design
shape. This algorithm relies on measurements taken from formed parts. Error corrected
in this loop might come from the stretch forming process and other subsequent operations
such as trimming and chemical milling. The RTFF design methodology of forming a
part, measuring the part, reconfiguring the die shape, forming a new part and repeating
the same procedure is referred to as closed-lop shape control. This is schematically
presented in figure 2-2.
15
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The Stretch Forming Process
Tool Design and
Forming Simulation
Reference
Shape E0F7I
Rapid 3D
Shape Measurement
Stretch Forming over a
Reconfigurable Tool
Chemical MillingControl
Trimming
Figure A2-2 Shape control loop
The reconfigurable discrete die in this system is not a requirement for this thesis work.
Even more, the die shape is kept constant during all the tests performed in this research.
The main reason this die was used is because it was the only available tool to work with.
2.3.1 SYSTEM CoMPoNENTs
The press used in this research is composed of five major components: two stretching
hydraulic cylinders, two main push cylinders, a reconfigurable die, a setup mechanism
and a controller (figure 2-3). These components will be described with more detail in
the following section while the required steps to form a part are explained.
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Setup Mechanism
Stretching Cylinders
Reconfigurable Die
Push Cylinders
Figure 2-3 MIT Reconfigurable Die Press
2.3.2 SYSTEM OPERATION AND THE STRETCH FORMING PROCEDURE
The core of this press is its reconfigurable die. It consists of 552 half-inch pins, which
make up a 12" by 12" die (figure 2-4). This die is fixed to the machine. A setup
mechanism consisting of a set of servomotors that locate a series of rods according to the
desired shape is used to push the steel pins in the reconfigurable die to the required
17
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position. This die can be set up to any three dimensional shape with mild secondary
curvature and a primary curvature of no more than 35* The discrete die is translated to a
continuo shape through an interpolator pad.
Reconfigurable Die
0.5" Pins -
Figure 2-4 Reconfigurable Die
Once the shape is setup, the forming process begins by loading the sheet metal into the
clamps of the stretch cylinders. The clamps are designed to hold sheet metal blanks with
a maximum of 12 inches in width, and a maximum of 0.10 inches in thickness (figure
2-5).
18
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Stretching Cylinder
Jaw
System Structure
Figure 2-5 System jaw and stretch cylinder
The clamp design is similar to that of the clamps used on an Instron Universal Testing
Machine for tensile tests on the sheet metal specimens. They use a self tightening,
inclined jaw design in which the grippers slide down the tapered clamp and cause the
grippers to tighten on the workpiece when the clamps are pulled by the hydraulic
cylinders. The grippers are knurled on the face that contacts the workpiece and thus
dig into the sheet metal, preventing it form slipping. A threaded bolt, which has a
large washer welded to the end of it, controls the grippers. The bolt goes through a
hole in the clamp body and the washer is slid into a groove in the grippers. When the
bolt is tightened and pushes the grippers down along the taper, the grippers engage
the workpiece and tighten against it. When the bolt is loosened, it pulls the grippers
up along the taper and loosens the grippers from the workpiece so it can be removed.
19
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The grippers are connected to the clamp via two springs that load the grippers in the
closed position so they will always be contacting the workpiece.1
Aluminum Sheet
Load Cell -
Threaded Bolt
1
I
I
I
/
/
I
-
Figure 2-6 System damp
Once the sheet is loaded and secured, the material is stressed in tension above its yield
point to allow plastic deformation. The stretch cylinders provide the required load to
stretch the sheet. These cylinders are two Parkers hydraulic cylinders with a 5 inches
bore, and an 8 inches stroke. In this system a Transducer Technique load cell is
attached to the back of each jaw to measure the applied force on the sheet (figure 2-6).
The resolution of these load cells, due to signal conditioning and amplifying noise is
150 pounds.
The clamp system description presented here was taken from Grodzinsky, 1994
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After the pre-stretch, the material is wrapped over the die. In this step the sheet metal is
forced against the die. In this system the push cylinders start to extend, and the structure
supporting the stretch cylinders is moved towards the die, while the die is held fixed. At
the same time the stretch cylinders holding the sheet are allow to rotate about their
trunions to keep the sheet metal tangent to the surface of the die. They also extend and
retract as required to maintain constant load on the sheet during the forming cycle
After the sheet has been completely wrapped, the material is post-stretched over the die.
Depending on the part being made this final stretch might not be required. The purpose of
this step is to reduce springback in the material and in the case of extruded parts to avoid
wrinkles in the final shape.
Two kinds of process sequences are currently being used in the industry. The first one is
drape forming. In this process the part is first wrapped around the die and then post-
stretched to minimize springback. That is, the pre-stretch from the above procedure is
omitted. The second type of stretch forming is known as stretch-wrap forming. In this
process the material is first pre-stretched above its yield point, and then wrapped around
the die keeping constant load. After the part is completely wrapped a post-stretch might
be applied if required.
2.3.3 SYSTEM CONTROL
Two DMC 1000 Galil motion control boards control the press. These boards are
responsible of commanding the servovalves that control the motion of the hydraulic
cylinders. A servo loop is usually closed using the load cells and Celesco optical rotary
encoders that describe the motion of the hydraulic cylinder rod end. A block diagram of
the control system for the tension cylinders is presented in figure 2-6.
21
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Figure 2-6 Stretch forming cylinders control block diagram
The motion control board interfaces with a PC using a high level language through which
the user defines the desired system behavior (traveling distance, speed or load). As
presented in the previous figure the system can be currently run under displacement
control or force control. These control modes will be explained with more detail in
chapter 5.
2.4 CHAPTER CONCLUSIONS
To summarize, stretch forming is manufacturing process that can be used to make
structural components. There are basically four steps to complete this process. They are:
" Securing the sheet metal in the clamps between the stretching cylinders
" Pre-stretching the sheet above its yield point to deform the material plastically
" Wrap the material over the die
e Pos-stretch the sheet
From the process sequences used in the industry, drape forming is the most widely used
one. Therefore, this will be the forming sequence used in this research. From a control
22
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point of view there is no difference between the forming processes. For drape forming,
where the part is only bend over the die, theoretically no load is required. However, in
the real machine the motion control board is constantly closing the position loop to hold
its current location. If the sheet is forced over the die without moving the stretch
cylinders the material will eventually fail. To overcome this problem, the cylinder
trajectory could be calculated based on the die geometry, but this might be too
complicated. Another approach is to wrap the part at a constant low load level (bellow
the yield point). Commanding the system to keep this load will dictate the stretch
cylinder motion without causing significant material elongation. This is the basic
procedure followed to bend all parts in this research.
As explained before, currently the system can only be controlled under force or position
control. To implement the stain control system new sensors were incorporated to the
press, specifically strain gages and their signal conditioners. All sensors currently present
in the machine form an integral part of the system, and they all have some type of
protection. The new sensors introduced in the system are outside the system structure and
exposed to the environment. This makes them susceptible to damage coming from the
operator or even machine motion.
As explained in section 2.3.2, the sheet is secured to the clamps by tightening a bolt,
which slides a pair of grippers that squeeze the sheet. The nature of this mechanism
causes the material to be pushed out of the clamp until it is completely tightened. Since
the sheet is loaded between two clamps and this procedure is followed at both sides, the
sheet is originally left with some slack between the two clamps. This is a typical loading
error, and as it will be explained later, it will affect the final part shape and springback.
23
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Chapter
Three
STRETCH FORMING MECHANICS
The main goal of this chapter is to present how the different forming processes (drape
and stretch-wrap) affect the material properties in a formed part. Most of the analysis
focuses in tracing the stress and strain with in the material during the part deformation,
and at the final stage. The information and equations presented in this chapter are
adapted from Parris (1996) and Valjavec (1998).
3.1 SHEET GEOMETRY
Figure 3.1 shows a schematic representation of the material geometry used in the analysis
presented in this chapter.
Figure 3-1 Material Geometry
24
This figure shows the original part before bending, where L represents the length of the
material, t represents the thickness and w the width.
R
Figure 3-2 Material geometry after bending
After the part is bent, figure 3-2, the material is described by the bend angle 0, the radius
of curvature of the bend R, and the length of the work piece I over the bend.
3.2 STRESS-STRAIN REPRESENTATION
Small strains in materials cause only elastic deformation. In this case the stress (a) in the
material is linearly proportional to the strain (s) by a constant E called the elastic
modulus. This relation is true until the material reaches the yield stress.
a = Es (3-1)
25
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Stretch Forming Mechanics
On the other hand, high strains in the material cause permanent deformation of the
material known as plastic deformation. The stress-strain behavior in this region is best
approximated by a constitutive relationship known as the "power law". In the plastic
region of the material the stress is proportional to the strain raised to the power n.
a- = Ke" (3-2)
The variable
the material
deformation
represent the
n is known as the strain hardening exponent, and it represents the ability of
to resist localized straining and thus withstand complex non-uniform
[3]. The variable K is known as the strength coefficient, and a and 6
stress and strain respectively.
Therefore the stress-strain relationship in a material is completely captured by equations
3-1 and 3-2 as can be seen in the graph bellow.
Stress
Py : Yield Strain
ay: Yield Stress
19 ---------- c- Ke n
a Strain
Figure 3-3 Representative material stress-strain curve
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The above curve parameters E, ay and n are commonly obtained from an experimental
stress-strain curve using a "dog-bone" tensile test. For Al 2024-0 nominal values for
these properties are E=10 3 ksi (6894.75 MPA), cly=1 ksi (75.84 MPA) and n=0.21. The
value of K is determined from these parameters according to the equation:
K = E'c -" (3-3)
3.3 PURE BENDING
Stress-Strain Relationship
A part seeing pure moment loading is undergoing pure bending. If no stretching load is
applied to the part, the material is stretched above the neutral axis, and compressed
bellow the neutral axis. In our model a dashed line as seen in Figure 3-4 represents the
neutral axis. This line is located in the middle of the material thickness. The variable Y
showed in the same figure represents the normal distance from the neutral axis to a
desired point in the material.
Figure 3-4 Change in model arc length
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In this model, an arc length of the material at any distance Y from the neutral axis is
defined by:
S(y)=( R + y)9 (3-4)
Engineering strain is defined as the change in length over the original length. Therefore
the strain distribution with in the material caused by bending will be defined by:
AS S-SO (So +yO)-So y9 y
So So So RO R
(3-5)
Process Stress-Strain
For the process of pure bending, the bending moment is applied and then released.
Figure 3-5 shows the stress-strain behavior of a point on the upper surface of the sheet
(tension) during this process.
Stress
a *
B
eB: Bending Strain
EBP : Residual Strain
nT: Yield Stress
4sp SB
Elastic recovery
E
Strain
FiqUra 3-5 Stress-strain relationshin for nure hendina
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If the part is bent enough, the material will deform plastically tracing the stress-strain
curve according to the relationship given in equation 3-1 and 3-2. Let us assume the
maximum bending moment is reached at point B in the graph, leading to maximum
strain, EB in the material. After releasing the bending load, the elastic portion of the stress
is recovered. The strain EBP represents the final stress-strain distribution in this point.
This strain also shows the permanent deformation of the material after unloading or
releasing the material.
Figure 3-6 shows the stress distribution through the thickness of a sheet metal during a
pure bending process.
Thickness
+t/2
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Stress
Elastic Recovery Residual
Sheet
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M
Figure 3-6 Material stress distribution through thickness for pure bending
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Springback Ratio
The elastic recovery experienced by the material after unloading causes the final part
shape to deviate from the desired shape. This is schematically represented in figure 3-7,
where R is the desired part shape and Ra is the actual part shape.
Sheet
Die !
Bending & Stretching Part Springback
Die
Releasing Part
Figure 3-7 Schematic representation of springback
This springback can be quantified using a normalized difference between the actual and
the desired shape radius. This quantity is called the springback ratio (R,), and it is
mathematically represented by:
R = Ra -Rd d
Ra Ra
(3-6)
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The value of Rs will be bounded between 0 and 1. With 0 being a perfect match between
the die and the actual part, with no residual strain affecting the shape; and 1 meaning the
sheet is in its original straight shape.
3.4 STRETCH FORMING
Stretch-Wrap
In the stretch-wrap forming sequence the material is first pre-stretched and then wrapped
over the die. During the pre-stretch, the stress and strain distribution will be uniform
throughout the sheet thickness. Both of these quantities will be related by equations 3-1
and 3-2, which are presented in conjunction bellow:
for a o - (e ! 6Y)
for a >a, (6>'Vy) (3-7)
The stress and strain will increase until a desired load (F=aA) or strain state is reached.
This is represented in the graph bellow by the point S.
Stress
&V 6
Strain
Figure 3-8 Stress-strain in material after pre-stretch
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After the initial stretch, the part is bend over the die. Because of the pre-stretch load, the
overall stress-strain distribution caused by bending will differ from the pure bending
case. The stress and strain levels in the material above the mid-plane will increase
according to the power law. The stress distribution in this section will be similar to the
pure bending case, but biased to higher level of overall stress. On the other hand the
material bellow the mid-plane will be partially unloaded from the elastic portion of the
tensile stress. This is because the material we are working with is thin and only mildly
contoured. Therefore, the pre-stretch strain is greater and acts in an opposite direction to
the maximal bending strain. Consequently bending will only reduce the amount of pre-
stretch strain.
Stress
aBT
as
UyS
S EBT E
&s : Pre-stretch strain
SBT : Top surface strain after bending
a s : Pre-stretch stress
GBT : Top surface stress after bending
Strain
(a) Stress-strain in material after bending, top surface
Stres
Gy
GTBB
ss Pre-stretch strain
EBB Bottom surface strain after bending
as Pre-stretch stress
aBB Bottom surface stress after bending
s
L
BB
-~----~~~-~~
* Strain
(b) Stress-strain in material after bending, bottom surface
Figure 3-9 Stress-strain in material after bendinci
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Figure 3-9(a) takes a point from the top surface of the material. The stress and strain are
originally brought to point S with the pre-stretch. Bending increases the stress from as to
aBT and the strain from s to CBT. Likewise, figure 3-9(b) takes a point from the bottom
surface of the sheet. As before, stress and strain are brought to point S with the pre-
stretch. However, wrapping now reduces the total stress and strain from as to aBB. Also,
after the material is bent, the neutral axis is shifted down (midplane) and lengthens
because the increase in stresses at the top of the material is less than the decrease in
stresses at the bottom of the material.
Figure 3-10 shows the strain and stress distribution through the material thickness of a
sheet metal during a stretch wrap process. As it can be seen in the figure, the pre-stretch
strain is uniform, while the bending strain is positive in the top surface of the sheet and
negative in the bottom surface. Both of these strain fields add up at the end of the
stretch-wrap process to give the final material strain distribution. On the other hand, the
stress distribution is more complicated, and the final strain distribution can not be added
geometrically from the forming steps. However, it can be determined by relating it to
strain using equations 3-1 and 3-2 and following figure 3-9.
What is important from the stress field is the net distribution in the sheet before releasing
the stretching load. A moment created by the stress in the material is what determines the
springback in the part. If the final stress distribution is uniform, like the stretch stress
distribution in figure 3-10, the material will be subjected to a tensile springback. That is,
the material will recover axially by shortening the overall length. If the final stress
distribution is similar to the bending stress distribution in figure 3-10, then the material
will be subjected to a bending springback. The part will recover by rotating the material
as seen in figure 3-7. Any other final stress distribution will be a combination of these
two fields. Consequently, the springback in the material will be a combination of tensile
and bending springback.
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Figure 3-10 Material stress and strain distribution through thickness for stretch-wrap.
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3.5 DRAPE FORMING
In the drape forming sequence the material is first wrapped over the die and then post-
stretched. The stress and strain distribution in the material after bending will be
equivalent to that presented in the pure bending case. The post-stretch will help restore a
nearly uniform stress field throughout the material thickness. Figure 3-11 shows the
stress-strain behavior of a point on the surface of the sheet during this process.
Stress
a
B S
asB -----------------------
&B:Bending strain
Yy ~~~~~~~~- Fs : Strain after post-stretch
Esp Residual strain
a B Bending stress
as Stress after post-stretch
Strain
EY 6B SpS
Elastic recovery
Figure 3-11 Stress-strain relationship for drape forming
If the part is bent enough, the material will deform plastically tracing the stress-strain
curve according to the relationship given in equation 3-7. Let us assume the maximum
bending moment is reached at point B in the graph, leading to maximum strain, Cs in the
material. The post-stretch will increase the strain level in the material. After releasing
35
Chapter 3
Chapter 3 Stretch Forming Mechanics
the bending load, the elastic portion of the stress is recovered. The strain EBP, represents
the final stress strain distribution in this point. This strain also shows the permanent
deformation of the material after unloading or releasing the material.
Figure 3-12 shows the strain and stress distribution through the material thickness of a
sheet metal during a drape forming process.
Thickness
+t/2 Es 88I Net
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M
Figure 3-12 Drape forming strain and stress distribution
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As explained before, the strain fields can be added up geometrically. However this is not
possible with the stress fields. The final stress distribution after drape forming is more
uniform than in stretch-wrap, consequently the material will recover more axially than
rotationally.
3.6 DIE FRICTION EFFECTS
During the wrapping stage of the stretch forming process, the sheet metal is forced into
contact with the die. The inner surface of the material sticks to the die surface and
transmits some tensile forces as shear forces causing the sheet-die friction. Friction
conditions at the interface have a strong influence on the strain distribution in the sheet
[5]. The effect of friction in the strain distribution on the sheet increases with dies that
have sharper contours since contact stresses increases with sharper edges.
This shape-die interface friction is an important characteristic that distinguishes drape
forming from stretch-wrap forming. In the drape forming procedure the part is first bend
over the die and then post-stretched. During the post-stretch, stresses normal to the die
surface are large. The frictional forces created between the sheet metal and the die
oppose the stretching force, retarding the flow of material over the die. This results in a
different strain distribution in the part than what would be expected if there were no
friction. On the other hand, in the stretch-wrap sequence the material is first pre-
stretched and then wrapped over the die. Since the load is kept constant, there will be no
relative motion between the die and the part. Theoretically, this implies that there will be
no friction effect at the die-shape interface.
Lubricants are used to reduce friction, minimize breakage, and increase the efficiency of
the operation. There are different types of lubricants that could be used in the stretch
forming process. The specific lubricant will depend on the workpiece material, the die
material, and the forming pressure.
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3.7 CLAMP EFFECTS
The clamping of the workpiece is important in the stretch forming process. Stresses and
strain distributions on the sheet are affected by the clamp mechanism used, the
effectiveness of this mechanism, and the number of clamps used to hold the material. For
example, if the material slips form one clamp the stresses will be uneven from one side of
the shape to the other. Therefore, the strain distribution will be different than expected.
Also, when the sheet is pre-stretched, not only does it elongate, but it also contracts
laterally. The strain distribution is expected to be uniform throughout the sheet after this
step. However, since the sheet is constrained at its end, it can not contract in this region.
For a thin sheet, the material in the top center section of the sheet will not only stretch,
but it will also flow towards the center of the sheet. Consequently, the strain distribution
will be different from what was expected.
3.8 CHAPTER CONCLUSIONS
When a part is subjected to a bending moment the stresses direction above and below the
neutral axis will follow opposite directions. The moment created by this difference in
direction causes the material to springback or recover elastically. Applying a stretching
load to the material can reduce the error in the shape. The tensile force causes the
material stress distribution to become uniform and positive. Internally in the material
stretching reduces the moment created by the strain field, which reduce the springback in
the part.
Looking at a stress-strain curve of a material throughout the stretch forming process, the
elastic recovery experienced by the material after unloading can be physically seen in the
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abscissa of the graph. After the bending and stretching load are released, the stress in the
material goes to zero (a=F/A). Strain on the other hand will have a non-zero value. The
residual strain will depend on the maximum strain applied to the part, and the elastic
modulus of the material. Increasing the maximum strain will also increase the residual
strain and hence the springback will be minimized. In the same way, if the maximum
strain is decreased, the residual strain in the material will decrease and the springback
will increase. Therefore, by controlling the maximum strain applied to a part the
springback in the part is also being controlled.
When a material is stretched it will permanently deform only if is loaded above the yield
point. Once the material is in the plastic state, the power law determines the material
stress strain relationship. If the stretching load is released, the elastic recovery of the
material will follow a line with slope equal to the elastic modulus. Therefore, specific
material properties like the yield point, the elastic modulus, and the strain hardening
exponent determines the material mechanical behavior during the stretch forming
process. Consequently they also determine the springback in the final part.
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SOURCES OF VARIATIONS IN THE STRETCH FORMING PROCESS
One important goal of this research is to determine a control approach to optimize the
stretch forming process of sheet metal parts. A clear understanding of possible variations
during this process will help identify the best method to control it. This chapter describes
some of the most important factors that might cause variations in the shape of parts
formed using a stretch forming process.
4.1 MATERIAL PROPERTIES AND GEOlVETRY
One important step in the forming process is to get the blank sheet of metal to a desired
plastic state. Yield point, modulus of elasticity, strain-hardening behavior, part contour
and thickness are important parameters that affect the mechanical behavior of a material
and the mathematical equations used to describe it. As explained in chapter three, these
properties will determine the material residual strain after the stretch forming process and
consequently the error in the part shape.
Unfortunately, "material properties for the same type of material are known to vary
significantly, up to 30%, from batch to batch even when coming from the same
manufacturer" [24]. Material properties, like the yield strength are sensitive to the grain
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size, chemical composition, heat treating and cold working history of the part. Variations
in material geometry such as thickness come from variations in the rolling mill. Even
though this process has tight tolerances, variations can be found in the range of 1% to 5%
[2].
Let us look at a pure bending process with an elastic perfectly-plastic material, where the
plastic stress stays constant at yield with increasing plastic strain. The springback in the
part is defined by equations 4-1 and 4-2. This model applies for solid dies with constant
radius of curvature and no friction effects[2].
1 (2h h
R, - ) -3- (4-1)
2 t t
U Rdh= Y (4-2)
E
Where t is the material thickness, h is the distance from the neutral axis where the plastic
deformation begins, ay is the yield strength and E is the elastic modulus.
It can be seen from equation 4-1 that the part springback will change with variations in
the part thickness and variations in the material yield point. First, let us examine
variations in the part thickness for a constant yield point. Figure 4-1 is a plot of equation
4-1 for Al 2024-0 for different material thickness.
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Figure 4-1 Springback ratio for various material thickness
The slope of this curve represents the effect of a change in thickness in the part
springback. This is called sensitivity, and it will be explained with more detail in chapter
5. As it can be seen in the plot this rate of change is not constant. For example, a
material with a thickness of 0.063 inches, the change in springback will be 4.77 times the
change in thickness. Therefore, the process sensitivity decreases with increasing
thickness.
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Figure 4-2 Springback ratio for various material yield strengths
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In the same way, the part springback varies with changes in the material yield strength.
This can be seen in figure 4-2, which shows a plot of equation 4-1 for different yield
strengths. The plot also shows that materials with higher yield strength have less
springback than materials with lower yield strength, and the sensitivity increases with the
material yield strength.
4.2 SHEET METAL LOADING CONDITIONS
The procedure of loading the sheet metal in the press clamps is done manually both in the
lab and in industry practice. Therefore, it can be expected that this is one dominant source
of variation in the stretch forming process. The position of the material widthwise and
lengthwise with respect to the die affects the stress and strain distribution on the sheet
and the final part shape geometry.
As explained in section 2.3.2, the sheet is secured to the clamps by tightening a bolt,
which slides a pair of grippers that squeezes the sheet. In the system used in this
research, each clamp has two bolts. One of the bolts pushes the grippers from the top,
and the other pushes the grippers from the bottom. If they are not tightened
simultaneously, the grippers will cause the material to rotate creating an angle of
misalignment. To see the effect of this error, let us assume the part is loaded with some
misalignment angle as seen in figure 4-3.
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Faxial
Fapplied
KI|Z -E-
Figure 4-3 Misalign sheet
The actual axial load seen by the sheet will be proportionally reduced by the shifted
angle.
Faxial = COS(O) Fapplied (4-3)
This decrease in load will increase the springback in the part. This type of misalignment
will also shift the position of the formed shape in the part, making it difficult to measure
it and trim it if required. Also, another important variation in the loading procedure is
the amount of slack left in the sheet after loading. This error is maximized if there is also
variation in material geometry (sheet length).
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4.3 PRESS SYSTEM
4.3.1 MACHINE COMPLIANCE
Compliance in the machine structure and in the clamp jaws creates deviations between
the commanded displacement in the machine, and effective displacement in the sheet
metal. Loads used in the stretch forming process are greater than in most manufacturing
processes because the material deformation is done at room temperature (cold work).
Actual deformation of the structure and grippers can be predetermined using a FEA or
measuring it during the process [6]. However, this requires more time, effort and
equipment. And in some situations the acquired data might not be completely useful. The
net compliance in the machine changes as the machine moves. Compensating for
recorded errors might require an increase in loads that in return will create more
deflections.
In some stretch forming machines the die is moved while the stretch cylinders are held
fixed. In this type of machine configuration, effective die displacement which
contributes to the total material strain has been reported to be only 1/4 of the actual table
movement [2]. Most of the machine compliance is attributed to elastic deflection of the
jaws and to poor snugging' of the material. Test performed in the actual system used in
this research showed that only 39% of the actuator displacement is transmitted to the
workpiece.
4.3.2 DIE FRICTION
As mentioned in section 3.6, during the wrapping stage of the stretch forming process,
the sheet metal is forced into contact with the die. The inner surface of the material sticks
1 Snug is a stretch forming step in which the jaws are brought to the position at which they will stay during
the rest of the operation and the die is raised until the part first snugly over the die
45
Chapter 4 In-Process Strain Control of Stretched Formed Sheet Metal Parts
to the die surface and transmits some tensile forces as shear forces. This creates friction
between the die and the metal. Friction conditions at the interface affect the strain
distribution in the sheet [5]. The frictional forces created between the sheet metal and the
die oppose the stretching force, retarding the flow of material over the die. This affects
and varies the strain distribution in the part, from what would be expected if there were
no friction.
4.4 CHAPTER CONCLUSIONS
As mentioned before, the main goal in stretch forming is to achieve high accuracy and
repeatability of the desired part shape. There are many sources of variations in this
process that affect the formed part. The most important sources of variations are changes
in initial material properties and dimensions, inconsistency in the part loading procedure
and compliance of the press.
Some of these errors can be easily controlled. For example loading procedures could be
standardize, even though it can not be guarantee that this will be followed in a real
production line. It has been found that by simply standardizing the stretch forming
procedure reduces variations in the process by 50% without changing or taking under
consideration any other source of error. On the other hand, property variations can not be
easily handled. They will depend both on the supplier quality and on the difficulty to
control variations in metals. A good approach to compensate for these errors is to let the
process take car of them. That is, use a control scheme that would minimize sensitive to
the above mentioned sources of variation.
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Five
METAL FORMING MODES OF CONTROL
Controlling a system is basically measuring a desired variable and adjusting or moving
the system actuators to achieve a desired value for that variable. There are currently three
basic ways in which a stretch forming press can be controlled; they are force control,
displacement control and strain control. Each mode of control will differ by the state
variable used to close the loop in the process.
The actual control mode used in the process will affect the part shape accuracy. The
main goal of this chapter is to describe each of the mentioned control modes, their
advantages and disadvantages, and the effect of variations in the process in the final part
shape error.
5.1 FORCE CONTROL
In the Force control mode the sheet is initially stretched with a predetermined force. The
force applied on the system must be enough to stress the material above its yield point.
The loop is closed by constantly feeding back the load applied to the sheet during the
entire process and adjusting the system to keep a constant force (figure 5-1).
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&h- __0[Feedback Sheetli F .
Load
Transducer
Figure 5-1 Force control block diagram
Force control offers the great advantage of using real-time information from the system
and controls the average stress in the material. This makes the process insensitive to
variances caused by initial loading conditions and press compliance. Another advantage
of the force control is its easy implementation. The only external sensor that is required
in this mode of control is a load cell or some type of surrogate like the pressure in the
hydraulic cylinders'. The cell measures the force applied to the sheet during the forming
process. This measurement will be accurate as long as the sensor is located near the
workpiece to reduce the effect of machine distortion. Once the equipment is built, these
sensors go by unnoticed in the procedure. Therefore the equipment is robust to a rough
environment and easy to use.
However, there are some major drawbacks in this mode of control. First, an almost flat
line (figure 5-2) characterizes the plastic region in a stress-strain curve of a soft material
(e.g. Aluminum).
This might not be a reliable source of information, because the cylinder seal friction as well as the
machine bearing friction will deviate the measured force from the actual force applied to the sheet.
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Load
FA
AF
Strain
Figure 5-2 Force & strain variation
This makes it difficult to predict and keep an exact plastic state throughout the complete
process. As it can be seen in the above figure, small variations in load will be
transformed to large variations in strain in the material. This might cause undesired
deformation in the part being formed, even failure. If load variations occur in the process,
then the final part shape error will vary as well.
Also, variances in material properties and geometry result in a different strain distribution
in a part, which causes shape deviation from the nominal. A more direct impact of these
variations can be seen in the control load setting for this process. When forming a part
under force control a target load must be established. As previously explained in chapter
three, the residual strain in the sheet will determine the springback in the part, and
therefore the error in the actual shape. The residual strain in the sheet will be mostly
determined by the amount of strain applied at the end of the stretch forming process.
Therfore, the target load is based on the desired strain in the part. Consequently, if the
applied target load (maximum strain) in a process varies then the springback for the same
shape will vary
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Using the power law, and the material properties and geometry the desired load can be
calculated. Variations in the material properties and geometry can lead to miscalculated
target loads.
F = AOKe n (5-1)
Let us assume we are forming a part under force control. Based on the material
properties and geometry and the desired strain state, we can calculate the required load
F0. If we use this load to form a part with material properties defined by curve M1 in
figure 5-3, the material will be strained to =EO. If the same process is repeated, but now
there is a change in material properties, defme by curve M2, the applied strain will be
F=c 1. As it can be seen in the graph 80>1 and therefore the springback or the shape
error will be different.
Stress
a *
CFO
M2
M1
Figure 5-3 Errors in Force Control
Using an analytical model of the stretch forming process [2], we can simulate the effect
of variations in the material properties and geometry in the part springback. This
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analytical model assumes the die is solid with constant radius, and no friction affects the
process. Also the strain hardening behavior of the material is modeled by the power law.
The basic idea to solve this simulation is that the workpiece is divided up into 201
increments, and the stresses and strains for each increment are calculated individually and
then summed to arrive at net forces and moments. For the pre-stretch, the stresses and
strains are assumed uniform throughout the workpiece. For the constant force wrap, the
relative strains within the material are determined by the radius of curvature, while the
average increase in strain (at the midplane) is adjusted to achieve a net force at the end of
wrap equal to the pre stretch force. Then, post-stretch force is specified and the resulting
springback and average stress relaxation are determined which give zero net force and
zero net moment. The results from this simulation for a 10% variation in material
thickness, yield strength and strain hardening exponent are presented in figure 5-4.
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Figure 5-4 Effect of change in material properties and geometry in springback; force control
As it can be seen from the graph the springback in the shape diminishes with higher
post-stretch loads.
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5.2 DISPLACEMENT CONTROL
When the machine is under displacement control we specify the stretch axis cylinder
trajectories. A loop is closed by constantly feeding back the cylinders position during the
entire process and moving the cylinders in our out to follow a desired trajectory (figure
5-5).
xo Hydraulic
Servo-system
F
Figure 5-5 Displacement control block diagram
In this mode of control there is no direct information about the material state, therefore
the required actuator motion to keep a required material state must be determined
beforehand using geometrical information of the shape being formed or through previous
experience.
5.2.1 GEOMETRICAL INFORMATION
Determining the desired system trajectory based on the die geometry is time consuming,
and in complex part geometry (like for saddle shapes) extremely complicated.
Let us assume we are forming a simple cylindrical shape. During the wrapping process
the sheet will bend over the die following a circular path. On the other hand the
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hydraulic cylinder clamping the end of the sheet is constrained to a straight path, referred
to here as the Y-travel. The Y-travel distance will determine the wrapping angle of the
material. The difference between these two motions will define most of the hydraulic
cylinder rod trajectory.
During the wrapping process, some material of the sheet will be constrained to the die
surface and the rest will be free between the die and the clamp holding the sheet. The
length of material that is constrained to the surface of the die (Lb) can be calculated using
the shape radius of curvature (Ra) and the angle the material has been wrapped (equation
5-2).
Lb = RO (5-2)
The angle of wrap 0, can be determined using equation 5-3, which is derived from figure
5-6 on the next page; where L is the original sheet length. This equation can be solved
iteratively to obtain the angle 0 for different Y-travel distances.
L sin(0) - ((Y- Ra) cos (0)) = Ra (5-3)
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Sheet Free Section
Figure 5-7 Geometry for computing sheet length
Ra
Y
If the end of the sheet is held fixed to the Y-travel path line, the free length of the sheet
will increase with the traveled distance. This free length (Lf) can be calculated based on
the die geometry and initial sheet length. The free section of the sheet will be a function
of the angle of wrap.
(L - Ra sin(O))
cos(9)
The total sheet length of the part while wrapping will be the length of the constrained
material (Lb), plus the free section of the sheet (Lf). If the wrapping force or strain must
be kept constant the length of the sheet must be kept constant as well (F=kAl, c=Al/1l).
Therefore the difference between the total length of the sheet and the desired length will
determine the cylinder rod path. Figure 5-7 shows the required change in position of the
hydraulic cylinder to keep a constant length on the sheet while forming a 6' radius shape.
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Figure 5-7 Hydraulic cylinder rod trajectory
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Even if we try to control this length L to acquire a desired strain state in the sheet, this
free length will decrease as the part is wrapped over the die, making it difficult to know
the actual strain in the material. Also, there is no information on how friction affects the
process.
Another problem in this mode of control is that the commanded displacement is not
equal to the effective displacement applied to the sheet. This is mostly caused by
compliance in the system structure. This can be seen in the figure 5-8 that plots the
displacement commanded by the motion control board (encoder) and the actual
displacement of the sheet as measured by a strain gage mounted directly on the sheet.
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Figure 5-8 Commanded and effective displacement
The slope of the curve shows how much of the commanded displacement is actually seen
by the sheet. The first section of the plot shows a straight line with no slope, and then a
second portion with a mild slope. This is because of some slack in the sheet after loading
the material in the machine. The grippers inside the clamps also cause some of this
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reduction. These grippers are two steel bars inside the clamp that actually create the
friction forces to hold the sheet. The clamping mechanism is self-locking, which cause
them to extend out of the jaws to increase the pressure they exert on the sheet. Also some
slip of material might be present inside the clamps. The rest of the graph shows that only
39% of the commanded displacement gets to the sheet. Most of this error comes from
elastic deformation of the clamps. The grippers inside the clamps can be represented as a
wedge constrained in its face by two bars (figure 5-9). When high loads are applied to
the system, the normal forces created at the wedge faces pushes the constraining bars out.
These bars behave as cantilever beams whose deflections allow the grippers to extend
out.
/\
Clamp Deflection Error
Figure 5-9 Clamp elastic deformation
This gripper deformation is the major source of compliance in the system. Other sources
of compliance are the load cell, the encoder cable and the structure.
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Therefore, even if we can determine the system trajectory, the commanded trajectory will
not be the same as the one seen by the sheet because of possible slack in the sheet caused
by loading procedures, and compliance in the system structure and clamps.
5.2.2 PREvious EXPERIENCE
Another approach in displacement control is to manually form a part until you get a
desired shape and then record this trajectory to make new parts. This approach is less
sensitive to variations in material properties than force control. Strain is determined by
the change in length, and the change in length will always be the same; therefore the
applied strain will not change.
Even though displacement control is the easiest method to implement, it is highly
sensitive to variances caused by initial loading conditions, press compliance and
environmental factors. Even if a perfect path is obtained, its effectiveness will be defined
by these factors.
As explained before, strain in the material determines the amount of springback in the
shape and therefore the error in the shape. Let us assume we are forming a part under
displacement control. The original part is loaded using the correct procedure, and the
actual desired strain so is obtained. Now a second part is formed, but the loading
procedure is done incorrectly and some slack is left in the material. Although the
cylinder displacement will be the same in both cases the displacement of the sheet and
consequently the applied strain ei will be less than so (figure 5-10). Therefore, the
second part will have more springback that the reference shape.
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Stress
0 1
Figure 5-10 Displacement control error
5.3 STRAIN CONTROL
Strain control measures the strain in the sheet being stretched and adjusts the press by
moving the stretching cylinders in or out as required, to achieve a desired strain state in
the part (figure 5-11).
------- ------ - --------
Feedback Xo Hydraulic SheetLaw Servo-system
Strain Gage 1A4
Figure 5-11 Strain control block diagram
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This method can be shown to be to the least sensitive to variations in material properties
and geometry, initial loading conditions and press compliance. One reason is that it
controls the process by measuring in real-time what is actually happening in the material
throughout the entire process. For example, slack in the initial loading stage requires the
material to be stretched more than what it would have been theoretically calculated to
acquire the desired strain state. However, under strain control the sheet is stretched until
the material is exposed to the desired strain, and not only an expected distance.
Figure 5-12 shows the effect of variations in material properties and geometry using an
analytical model of the stretch forming process under strain control [2] This model
follows the same assumptions as those explained in section 5.1 for the force control
model.
0.025 - - --- -
Strain Control
0.02 . Nominal
_ +10% h
0.015-- ....... +10 Yield
Rs x +10% n
0.01
0.005 - -
0
0 1 2 3 4 5 6
%Post Stretch Strain
Figure 5-12 Effect of change in material properties and geometry in springback; strain control
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Comparing this figure, with figure 5-4, which plots the effect of variations in properties
for force control, it can be seen that the "spread" in variations for force control is higher
than for strain control. Also, as discussed before, an almost flat line characterizes the
plastic region in a stress-strain curve; therefore, strain is a more accurate and reliable
indicator than force of the plastic point at which the material is being held.
5.3.1 STRAIN MEASUREMENT
There are some difficulties in implementing an automatic strain control system. The two
most important of them deal with the strain measurement device that will be used, and the
location on the part were the strain will be measured. The strain measurement device
should be capable of measuring a one or two-dimensional field of strain in the part in a
real-time basis. If the device must be attached to the surface of the part, it should occupy
as little space as possible so the part being formed can be easily handled while is loaded
and unloaded from the press. However, the device should cover enough space to acquire
a good average reading of the strain in that point. Also, a reliable attachment device or
procedure must be used to hold the device on the surface of the material to avoid
erroneous strain readings.
On the other hand, if the device must be placed on the press (e.g., with some optical
methods) space limitations must be taken into consideration; as well as structural
robustness to protect the sensor from a rough environment. Some examples of possible
devices that might be useful to measure strain are surface mounted Linear Variable
Differential Transformers (LVDT's), vision systems measuring grid changes [12] and
strain gages.
The experience from this research with strain gages is that attaching these sensors to the
surface of the sheet is a tedious and delicate work that consumes too much time. After
the gages are attached, parts must be handled with care when they are moved as not to
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damage the delicate wiring of the strain gages. Loading the sheet on the stretch press
takes times since once again care must be taken as not to damage the gages. Once the
sheet is secured in the machine, the gages must be calibrated. This must be done
manually and individually for each gage. In the case of having gages with different gage
factors, care must be taken to calibrate them accordingly. If by this time nothing has
gone wrong, another problem might be a bad gage. In the case one of the gages is not
working properly, must likely the part can not be formed under strain control. Therefore
the rest of the gages will be lost as well as all the time spent on them.
In the case of a vision system, the accuracy will depend on the camera position
resolution, internal camera geometry, the numbers of pictures used in determining the
3-D coordinates2 and the accuracy of the grid pattern among others. LVDT's offer
reusable capability, compared to the strain gages, and must likely an easier attachment
method. Reliability of these sensors will depend on the attachment mechanism used to
fix them to the sheet surface. Vacuum pads are an example of a simple mechanism easy
to attach and detach. However, actual testing of this mechanism showed they have little
tolerance for any curvature and usually loose contact with the surface of the sheet[8].
There are many points on the sheet metal were the strain could be measured. Three major
classifications can be made. There are maximum strain points, those most likely to fail
first. Also, there are average strain points, those most representative of the general state
of strain. Last, there can be points where strain is either minimized or affected by die
friction in a way to partially decouple it from the process as it continues. It is necessary to
know were the strain is more critical or important for the process. Inappropriate strain
measures might lead to faulty parts or even an unstable machine.
Ideally a strain control system would use an infinite number of gages and actuators to
adjust the strain in each point of the sheet to a desired state. However, this is physically
impossible. From a practical point of view the simplest approach is to use a single gage.
2 To measure 3-D coordinates of a surface area , multiple pictures are taken of the area, and the and the
corresponding two-dimensional points in each picture are identified by computer.
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If we put both of these statements in opposite corners of a graph a middle point in the line
between them will represent a feasible and good solution for this problem (figure 5-13).
Id*al
Reqired Problem
Array of Strain Infeasible
gages
to cover complete
surface area
Measure strain i selected points
Where to read?
Minimum number Of points required?
Required Problem
Single gage Miss max
measuring and min
average strain strain
Pradtical
Figure 5-13 Strain control measurements requirements
A feasible control approach is to have a measurement of strain for each degree of
freedom in the system. The strain should be measured in the same line of action of the
actuator. In other words, strain should only be measured where the strain readings can be
altered by an actuator motion. Controlling the process using the least strain point will
assure that the complete sheet is being stretched to the desired strain state. On the other
hand, controlling the process using the most strained point will assure that the maximum
strain allowed will not be reached. To strain the material properly and protect it from
failure the strain controller must use both of these points to from the part. The critical
aspect is how to combine this information to create a single command to the actuators.
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One possible way in which both of these data points could be used to form a part, is to
start the process by controlling the actuators with information coming form the minimum
strain point. Simultaneously, the maximum strain should be monitored to assure the
material would not fail. In the case the maximum strain is reached, the information to
control the process is changed from the minimum strain to the maximum strain until a
safe state is restored in the material.
Most of the time the maximum and minimum strain will be found on the die area of the
sheet where bending and stretching are combined (depending on the press and the die
shape). Since the bending of the material increases the outer surface strain, either the
overall strain must be controlled to a lower level, or the bending effect must pre-
computed and added it to so. Also the curvature in the die makes it difficult for the strain
gages to hold to the material surface firmly.
To help avoid the above mentioned problems a third point located in the middle of the
sheet straight section is used as a representation of the strain in the part. This section is
almost subject to pure tension (figure 5-14).
Contact Region
X i/
Clamp Enc
Minimum
Representative Sheet straight Section
Clamp
Die
Top VI
Figure 5-14 Strain measurement points
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One advantage of this representative point is that it is easier to attach a strain transducer
to this surface. Also, this free section of the sheet is not affected by any unexpected
strain concentration on the die caused by friction. Last, this section is not usually part of
the final shape. Therefore, any type of bonding or mechanical attachment can be used in
this point since it will not affect the trimmed part area.
Before using the strain on the representative section to control the process, a strain
history must be obtained. That is, it must be known before hand what would be the
material strain distribution throughout the process in this section; and how it relates to the
maximum and minimum strain on the shape. The strain field in a material during a
forming process will vary depending on the shape being formed, the procedure (drape or
stretch-wrap) and the stretch-press used to execute the process. There are different ways
in which this strain field can be determined. It can be determined computationally using
an accurate Finite Element Model [13]. Empirically it could be determined using the
circle grid method for example [14]. This could be used to get a complete strain field
from a formed part. Also a part could be formed measuring strain in different points and
determining the relationship between these points. In a type of a "teach and learn"
approach. One problem with the last two methods is trying to figure out what would be
the best method to form a reference part. Others problems with these methods are the
complexity and cost of the simulations and experiments, the analysis of the complex data,
and the accuracy of these simulations.
5.4 CHAPTER CONCLUSIONS
The main goal in controlling the stretch forming process is to optimize part accuracy in
the presence of any disturbance. In the previous description of the control modes it can
be seen that strain control is less sensitive to process variations than either displacement
or force control. To get a better feeling of this, let us define the sensitivity of a controller
as the change in springback ratio over the change in material properties or geometry.
This is mathematically represented by:
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AR
A.M,
(6-3)
Where S is the controller sensitivity, AR, is the change in springback ratio and AMp is the
change in material property. A plot of this sensitivity, figure 5-15 to 5-17, for different
post-stretch levels clearly shows that strain control is more robust than force control for
variations in material thickness, yield strength and strain hardening exponent
respectively. The abscissa in each plot is referred to as the equivalent post-stretch strain.
That is, the post load used to model the force control process is equivalent to the post-
stretch strain in the strain controller by the power law: F=AoKen.
0.9
0.8
0.7
0.6
0.5
S
0.4
0.3
0.2
0.1
0
/
Thickness Sensitity
- Strain
- - - -Force
0 4 5
EquiAlnst %Post Stretch Strain
Figure 5-15 Force and strain control sensitivity to variations in material thickness
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Figure 5-16 Force and strain control sensitivity to variations in material geon
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Figure 5-17 Force and strain control sensitivity to variations in
Displacement control is an approximation of strain control, because it works with the
actual material displacement. However it is a poor substitute because it can not
compensate for errors in loading procedures or compliance in the structure which are two
of the production errors must likely to occur.
Another important aspect of controlling a process is to avoid material failure. Most
material failure in stretch forming occurs because of excessive tension in the sheet.
Tearing of the material is proceeded by a localization of strain with accompanying local
thinning, and failure then occurs before the resulting stress concentration [15]. From this
explanation it can be seen that displacement control does not have the capability to detect
or protect a part from failure. As explained before, failure will occur at the stress
concentration. Therefore, force control will be able to detect failure and protect the part
as long as the reference safety load is lower than the expected failure load. On the other
hand, strain control will offer the most confident protection from failure, because it can
detect the localized strain before failure. This will be true as long as the precise failure
location is known and is correctly monitored. Also, since strain control uses localized
information, the material can be strained more than with force control which relies on an
average value.
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CONTROLLER EXPERIMENTAL TESTING
It has been shown that the part shape accuracy is actually affected by the control mode
used in the forming process. Chapter five suggests that strain control is the best control
approach over displacement and force control in this matter. This was proven
theoretically through a series of samples and some system simulations. The main goal of
this chapter is to develop and present a series of tests to show empirically that the above
statement is true. The first section of this chapter gives a description of the experiments;
and the rest of the chapter presents the results of these tests.
There are two test sets presented in this research. The first set (Set I) studies force
control and strain control through a virtual variation of material properties and geometry;
and the second set (Set II) compares all control modes by physically changing the
material properties and geometry of the parts. Each test set is divided in two parts. The
first one deals with variations in material properties and the second one deal with
variations in material geometry. Each test or experiment done in this research was
repeated three times to get an average value. The deviation between tests will be
presented as errors bars in the results.
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6.1 EXPERIMENT DESCRIPTION
The main objective of these tests is to examine whether strain control is a superior control
mode, by seeing if it minimizes the variance in shape of parts formed in the presence of:
* Variations in material properties
" Variations in material geometry
To achieve the test goal, different parts will be formed changing properties in the material
and process conditions to simulate production errors commonly found in the industry.
6.1.1 STRETCH FORMING PROCEDURE
The actual stretch forming procedure used in all the tests of this research will be drape
forming. That is, the part is first bent over the die, and then post-stretched to a desired
strain state. The reason we use drape forming is because this is the most widely used
method in the industry. This procedure will be repeated using each of the control modes
described previously: force, displacement and strain control.
6.1.2 TEST MEASUREMENTS
The sensitivity of each controller to the above mentioned production errors will be
represented by the springback ratio in the formed part. As described in section 3.3, the
springback ratio is the deviation of the actual part shape from the desired shape. This is
mathematically defined by:
R =1 Rd (6-1)
Ra
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Where R, will have a value between 0 and 1; where 0 represents a perfect match between
the formed part and the desired shape, and 1 implies that there is no match between the
formed part and the desired shape. Note that in equation 6.1 Ra is the actual part radius
of curvature, and R is the desired shape radius of curvature. The actual part radius of
curvature will be measured using a Coordinate Measuring Machine (CMM).
Specifically, a Brown & Sharp MM4 CMM (figure 6-1).
Computer Control CMM
I I
Part Support M easu red Pa rt
Figure 6-1 Coordinate Measurement Machine
An important fact about the measuring process is that the CMM is accurate to within a
ten thousand of an inch (0.0001").
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6.1.3 FORMED SHAPE
All shapes in this research will be formed using a cylindrical discrete die. As mentioned
before, the discrete die is just a tool, and it does not affect the experiments as long as the
die shape is not changed. This cylindrical shape is a simple one, but it is indicative of
many parts made in the industry like fuselage sections. Also, the simplicity of the shape
will allow the experiments to give more insight of the process rather than focusing on
implementation problems.
The cylinder had the minimum radius attainable in the MIT stretch press; which is 6" for
our footprint. This will maximize the strains in the material. The footprint of the shape
will be 5.5" by 6". The maximum part shape in this machine is 12" by 12". The size of
the part was reduced to maximize the free length of the sheet between the die and the
clamping jaws. This will ease the implementation of the strain control system as
described in section 5.3.
Free Length
L 6"
Side
Figure 6-2 Cylindrical Shape Dimensions
71
In-Process Strain Control of Stretched Formed Sheet Metal PartsChapter 6
Controller Experimental Testing
6.1.4 POST-STRETCH STRAIN
It has been shown that a high post-stretch strain in the stretch forming process minimizes
springback in the part [2]. Therefore from a production point of view all parts should be
formed with the highest post-stretch strain possible. For these tests the target post-stretch
strain is 1% strain. This is not the highest post-stretch strain attainable with Aluminum'.
However this is high enough to form a part that will not springback to its original shape;
but at the same time it will have enough deformation to study the effect of variations in
material properties and geometry.
6.2 TEST SET I: VIRTUAL VARIATION OF MATERIAL PROPERTIES AND
GEOMETRY
As mentioned before, the main goal of these tests is to see if strain control is less
sensitive to variations in material properties and geometry than force and displacement
control. It was desired to vary these properties in a controlled way with reasonable
values; something in the range of ±10%2. However, changes in the material yield point,
strain hardening exponent or thickness are constrained to the available material in the
market, which caused uneven variations between -28% and +56%, for some tests.
To overcome this problem, an initial set of data was taken by virtually changing the
material properties and geometry. That is, the actual material properties were kept the
same throughout the tests; however the controller in the process was tricked to think there
were some variations in the material. The nature of this test set constrains the experiment
to study only the force and strain controller. All this is explained with more detail below.
1 Tests in this research were done using different Aluminum alloys. Aluminum starts to yield around
0.11% strain.
2 Material properties might vary up to 30%; while geometric characteristics might vary up to 9%
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6.2.1 VARIATIONS OF MATERIAL PROPERTIES
Force Control
The use of virtual variations relies on the fact that force control requires the calculation of
a target load based on the sheet properties, geometry and desired post-stretch strain3
Thus, these quantities must be known or at least reasonable values of them must be
assumed to use this form of control and hit a target strain so. This load can be calculated
using equation 6-2, which is a rearrangement of the power law:
F = A0 K 6" (6-2)
Where F is the target load, A is the sheet cross sectional area, K is the strength
coefficient, , is the material true strain and n is the strain-hardening exponent. A plot of
this equation is presented in figure 6-4 for Aluminum 2024-0, with a thickness of 0.063".
The curve in the middle with n = 0.21, is the actual material property. The curves above
and below this one, represent variations in the material strain hardening exponent by
±10%. As it can be seen in the plot the required load for the same post-stretch strain will
vary depending on the material property.
In the experiments, a reference or datum part was formed under force control to a 1%
post-stretch strain using the correct target load calculated using the actual material
properties for Aluminum 2024-0. To introduce the variations in the material properties,
the target load was changed assuming virtual variations in the material strain hardening
exponent as described in figure 6-4. Using these new target loads two more parts were
formed. It is important to understand that the actual material used to form the new parts
in this step was the same material used to form the reference shape.
' Remember that strain in the material is what actually determines the spring back in the sheet [Chapter 3].
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Force Control
n=0.19
n=0.21
n=0.23
Strain Control
0 0.5 1 1.5 2 2.5
% Strain
Figure 6-4 Force-Strain curves for different material properties
In other words, two more parts were formed assuming the material had a strain
hardening exponent when the actual material hardening exponent is lower or higher.
Therefore the new parts will be formed with an erroneous load which will affect the
springback ratio. Table 6-1 presents the exact values of the force controller target load
for the variations in the material properties. These variations are called assumed material
properties to emphasize the fact that there is no physical change in the material
properties.
Required Load for 1% Post Stretch Strain
SHE
0.19
0.21
0.23
Target Load
7361 lb
6682 lb
6066 lb
Table 6-1
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STRAIN CONTROL
To complete the first part of this test set, a group of parts were formed under strain
control to 1% post-stretch strain. The material used in these tests was the same material
used in parts formed under force control: Aluminum 2024-0. The locations of the points
used to control the process were selected using a finite element model (figure 6-7). The
FEA was specifically developed for the MIT press [7]. From this analysis the maximum
strain during the stretch forming process will be near the grip area and the minimum
strain in the material will be located at the center of the cylindrical shape. In this
experiment two strain gages were located in the above mentioned locations and a third
gage was located in the middle of the sheet free section as seen in figure 6-6. The gage in
the middle section will be used as a representative point as described in section 5.3.
A summary of this part of the test set is presented in table 6-2.
Maximum
Clamp End
Minimum
Strain Gages Locations
A Minimum
B Maximum
C Representative
..................CL
Representative QL
Free Length
A II
t.. . .... ... .... I........ . ...... . .......................
Shape Area
L J
Grip Area
Figure 6-6 Strain caqes locations
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Effects of Grips on Longitudinal Strain: End of Wrapping
Figure 6-7 Stretch forming FEM for the MIT Reconfigurable Die press
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Variations in material properties: Test Set I
Asumd Actual Malda $ME. FrocContr Tar Maoad tPart Spin BackVadaftik
-10% 0.21 7361 lb
Reference Material 0.21 6682 lb :...: .......
10% 0.21 6066 lb
-10% 0.21 1%
Reference Matefial 0.21 1 %---
10% 0.21 1 % :
Table 6-2
As mentioned before, the springback ratio of each part was calculated to determine the
effectiveness of each controller. These results are presented in section 6.4 of this chapter.
One advantage of this test set is that it shows at a glance that strain control is insensitive
to variations in material properties. This can be seen in figure 6-4, were the selected
post-stretch strain is independent of the material curve. This takes care of any
mathematical calculation to set up the strain controller. On the other hand force control
must go through some calculations based on often poorly known parameters before
getting the required target load.
6.2.2 VARIATION OF MATERIAL GEOMETRY
The second part of this test set uses the same approach described before to simulate
variations in material geometry. The difference now is that the new force-strain curve
will change depending on the material thickness. This is shown in figure 6-8, were h
refers to the material thickness; and the actual material thickness is 0.063". Also, specific
load requirements for each thickness are presented in table 6-2.
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Force Control h=0.069"
h = 0.063"
h=0.057"
Strain Control
0 0.5 1 1.5
% Strain
2 2.5
Figure 6-8 Force-Strain curve for different material thickness
Required Load for 1% Post Stretch Strain
Thickness Target Load
0.056" 6014 lb
0.063" 6682 lb
0.069" 7350 lb
Table 6-3
The same testing procedure was followed in these tests. A reference shape was formed
under force control to a 1% post-stretch strain, using a target load based on the correct
geometrical properties. Then two more parts were formed varying the material thickness
through the target load as specify in figure 6-8. To complete these test samples, three
more parts were formed under strain control to a 1% post-stretch strain. A summary of
this part of the test set is presented bellow in table 6-4.
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Variations in material geometry: Test Set I
As'sumed Matedal geomety,
Vadation 'Actualmateaaff*6es Foce Corsro Target '.oad Part Spdng Back
-10% 0.063" 6014 b
Reference Geometry 0.063" 6682 lb ....
10% 0.063" 7350 lb
Assumed ateal geomety
-10% 0.063" 1% . . .
Reference Geometry 0.063" 1%
10% 0.063" 1%
Table 6-4
The results of these tests are presented in section 6.4 of this chapter.
This experimental approach was used because it allows the study of changes in material
properties in a controlled fashion. However these experiments does not affect
displacement control because this mode does not require the calculation of a preset load
to execute the process. Therefore a second set of test was designed to test this controller
as well.
6.3 TEST SET II: PHYSICAL VARIATIONS OF PROPERTIES AND GEOMETRY
In the second set of tests the material properties and geometry are actually changed, and
sample data is taken from each one of the three controllers. The first part of this data set
varies the material yield strength, while the second part changes the material thickness.
The amount in which these properties are varied in these tests is higher than what it might
be classified as common production error. However, this exaggeration is helpful to get a
better understanding of the effect of these changes in the control mode. An analogy to
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this is how Finite Element Models exaggerate the deformation of parts to provide an
easier understanding of the effect of a load on the object under study.
6.3.1 VARIATIONS IN MATERIAL PROPERTIES
The first part of this test studies the effect of varying the material yield strength.
Aluminum 2024-0 sheets with 1 lksi yield strength were used as a reference or datum for
these tests. Two more sets of data were taken changing the yield strength of the material
by -27% (ay = 8ksi) and +27%(ay = 14ksi) respectively. This change in yield strength
was obtained by changing the aluminum alloy. The material with ay = 8ksi, is
Aluminum 6061-0, and the material with ay = 14ksi is Aluminum 5052-0
6.3.2 VARIATIONS IN MATERIAL GEOMETRY
The second part of this test set studies the effect of varying the material thickness.
Aluminum 2024-0 sheets with 0.041" of thickness were used as a reference or datum for
these tests. Two more sets of data were taken changing the thickness of the material by
-28% (h=0.032") and +56% (h = 0.064") respectively, while keeping the same aluminum
alloy.
6.3.3 FORCE CONTROL TESTING
To test the force controller, the reference shape properties and geometry were used to
calculate the required target load for a 1% post-stretch strain. The values for both part of
this test set are presented in table 6-5.
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Required Load for 1% Post Stretch Strain4
IYied Pit'T~rqtLoad
11 ksi 16682 lbI
IThicne"I TtvgW Lad
I0.041"1 1 4350 lb I
Table 6-5
To complete experimental testing of the force controller, new parts were formed using the
above target loads but with materials with different properties from the reference shape as
explained in section 6.3.1 and 6.3.2. A summary of the force controller tests is presented
below in table 6-6.
Variations in material properties
-27% 8 ksi 6680 lb -. - - -
Reference Material 11 ksi 6680 lb - -.- .
+27% 14 ksi 6680 lb -.-. -
Variations in material geometry
-28% O.032" 4350 lb
Reference Shape 0.041" 4350 lb - -
+56% O.0 4350 lb
Table 6-6
Results of these tests are presented in section 6.4 of this chapter.
4 The material thickness for the test set varying the material yield strength is 0.063". The material yield
strength for the test set varying the material thickness is 11 ksi.
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6.3.4 DISPLACEMENT CONTROL TESTING
For displacement control the desired system trajectory was recorded from the stretch
forming process of the reference part using strain control. Because of the stretch press
configuration used in this research, the actual system trajectory is defined by the
hydraulic cylinder final position. The other parts with different properties were formed
using the recorded values. A summary of the displacement controller test is presented
bellow in table 6-7.
Material Property Variation
-10%
Reference Materalj
10%
Act
Variations in material properties
uda Materil Yield Point Displacement Controi Position Part Spring Back
8 ksi Pre-record #1
11 ksi Pre-record #1
14 ksi Pre-record #1 .
Variations in material geometry
Matril gomtyVariation Actual Materia17Tdken Frece Coqpoi, TAMg" Load Part~pe BackK ............ ?...
-10% 0.032' Pre-record #2
Reference Shape 0.041" Pre-record #2
10% 0.063" Pre-record #2
Table 6-7
The results of these tests are presented in section 6.4 of this chapter.
6.3.5 STRAIN CONTROL TESTING
The strain controller does not require any pre-calculation. Therefore, each part in this test
were formed by post-stretching them to 1% strain. The strain gages locations are the
same as described in section 6.1.1. A summary of the displacement controller test is
presented bellow in table 6-8.
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Variations in material properties
rMrWda Fpqymmitrn. Acb* W tV3IRpOJ* ShT Back,
-10% 8 ksi 1%.........
Reference Material 11 ksi 1%
10% 14 ksi 1%
Variations in material geometry
Materia qeomety Vadanen ActuWArq00 teril aican$W" Stat otoarget Strain PatSpdag Back
-10% 0.032" 1%
Reference Shape 0.041" 1%
10% 0.063" 1%
Table 6-8
The results of these tests are presented in section 6.4 of this chapter.
6.4 RESULTS AND DIscussIoN
This section presents the results of the experiments described previously. As explained
before there are two testing sets in this research. The first set studies force control and
strain control through a virtual variation of material properties and geometry; and the
second set studies all control modes by actually changing the material properties and
geometry. Each test set is divided in two parts. The first one deals with variations in
material properties and the second one deals with variations in material geometry.
6.4.1 TEST SET I: VIRTUAL VARIATION OF MATERIAL PROPERTIES AND
GEOMETRY
Figure 6-9 holds the results of the first part of the test Set I. This graph presents the
effect of virtual changes in material properties on the springback of parts formed under
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force control and strain control. It specifically deals with variations in the material strain
hardening exponent. The exact values of the data points are presented bellow in table 6-9.
0.170-
0.160 Actual Exponent: 0.21
Rs 0.150
Force Control
0.140 Strain Control
0.130 -
-15 -10 -5 0 5 10 15
%Variation of Assumed Strain Hardening Exponent
Figure 6-9 Effect in part springback ratio for variations in material properties
Test Set I Spring Back Ratio
SHE Force Control SR Deviation
-10 0.862 0.002
0 0.856 0.002
10 0.835 0.002
Table 6-9
0.865 0.003
0.865 0.003
0.865 0.003
The dashed line in figure 6-9, marks the actual material strain hardening exponent. The
abscissa in this plot shows the variation in material property. To the left of the dashed
line the n is decreased by 10%, and to the right of the dashed line n is increased by 10%.
The ordinate in this plot shows the springback of each part.
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As expected, strain control is less sensitive to this variation in material properties. This
can be seen in the flat line at the bottom of the graph, which represents the strain
controller. On the other hand the force controller (curved line) is affected by the change
in material properties. The springback in the part where n was assumed to be less,
decreased because a higher load than required was applied. While the springback in the
part were n was assumed to be higher, increased because a lower load than required was
applied. This plot clearly shows that strain control compensate for variations in material
properties while force control does not.
The reference shapes formed under force and strain control should have had the same
springback ratio because they were both post-stretched to 1% strain. However, as seen in
figure 6-9 there is a difference between them. There are two reasons that can explain
this. First, the model used to calculate the required load in the force control is not
completely accurate. That is, the calculated load from the power law might be less than
what is actually required. Another reason for this mismatch might be due to the fact that
strain control measures a specific point in the sheet while force control only takes an
average of the process.
The second part of this test set varied (virtually) the material thickness of the sheet. The
results from these tests follow the same trend as the previous one. That is, strain control
is insensitive to variations in material thickness while force control is affected. This can
be seen in figure 6-10.
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.Force Control
Actual Thickness:
0.063"
0.18
0.17
0.16-
Rs 0.15
0.14 -
0.13 -
n 12)
-15 -10 -5 0 5
% Variation of Assumed Thickness
Figure 6-10 Effect in part spring back ratio for variations in material geometry
The dashed line in figure 6-10 marks the actual material thickness. The abscissa shows
the assumed material thickness variation. The point to the left of the dashed line
represent a decrease of the material thickness by 10 %, while the point to the right of the
dashed line represent an increment in material thickness by 10%. Exact values of these
data points are presented in table 6-10.
Test Set I Spring Back Ratio
Th-kness Force Contro0 S8 8 Deviain Strain Cotro Deviation
-10 0.828 0.002 0.865 0.003
0 0.856 0.002 0.865 0.003
10 0.863 0.002 0.865 0.003
Table 6-10
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6.4.2 TEST SET II: PHYSICAL VARIATIONS OF PROPERTIES AND
GEOMETRY
Test set II, varies the actual material properties and geometry of the parts and tests all
control modes together. Figure 6-11 shows the effect of change in material properties.
Specifically variations in the material yield strength.
Force Control
Control
Datum
Strain Control
7 9 11
Yield Strength (ksi)
13 15
Fiaure 6-11 Test Set II : Effect of channes in material nronerties
Each curve in the plot is identified with the controller the data was taken from. Looking
at the right side of the graph, the first line identifies the parts formed under force control,
the second line identifies the parts formed under displacement control and the third line
represents the parts formed under strain control.
The robustness of the controller to reject production disturbances like variations in the
material properties is represented by the controller sensitivity to these variations. The
slope of each curve determines the sensitivity of the controllers; which is defined as the
change in springback over the change in material properties. This is mathematically
represented by:
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AR
Ao-,
(6-3)
Where S is the controller sensitivity, AR, is the change in springback ratio and Aay is the
change in material property, which for this specific data will be the change in yield
strength. It can be seen from the plot that strain control is the least sensitive control
mode to variations in material properties. Actually the slope of the force control curve is
ten times higher than the slope of the strain controller (Table 6-10).
Controller Sensitivity for Variations in Material Properties
Force 0.01
Displacemnt 0.005
Strain 0.001
Table 6-10
To simplify the visualization of the difference between each mode, let us normalize each
sensitivity with respect to force control. This is graphically presented in figure 6-12.
E
0
GD
1-
0.9-
0.8-
0.7-
0.6-
0.5-
0.4-
0.3-
0.2-
0.1
Force Displacment Strain
Figure 6-12 Controllers sensitivity
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Looking at the force control curve in figure 6-11, it might be assumed that the sensitivity
of this controller might be helpful to minimize springback in the part. This can be seen
on the left of the graph were the springback is less than the reference shape. However,
this is not correct. It is true that the springback is minimized, however the material is
being stretched more than expected. In the case of a higher post-stretch load the material
might even fail. Looking at strain control, its curve can be shifted below its current
position (to minimize springback) by increasing the post-stretch strain. This will produce
a better part in a safer and more controllable procedure.
In displacement control the sheet is stretched the same amount independent of the
material used. Since strain is determined by the change in length, and the change in
length will always be the same, the applied strain will not change. Therefore, the
springback curve of the displacement controller should follow closely the curve of the
strain controller. The difference between this two curves is because displacement control
does no take under consideration deflections in the machine structure and jaws
compliance.
Let us take for example the point to the right of reference shape, where the yield strength
of the material is increased. Since the material is stretched to the same strain state,
because of the higher strength in the material the applied load is increased. Higher loads
will cause the structure and jaws to deflect more, increasing the springback in the part as
seen in the graph.
This same behavior can be seen in the second part of this test set, were the material
thickness was varied. This is presented in figure 6-13.
89
Chapter 6
Chapter 6 Controller Experimental Testing
0.30 -
Force Control
0.25 -
0.20 m 
- Dislpacement Control
Rs 0.15 -
0.10 Strain Control
0.05 -
0.00
0.03 0.04 0.04 0.05 0.05 0.06 0.06 0.07
Thickness (in)
Figure 6-13 Test set II: Effect of changes in material geometry
All controllers follow similar trend as before. The only problem with this graph is where
the thickness of the material is 0.032". If the graph behaved as expected, the springback
in displacement control will be less than the springback ratio of strain control. In the
same way the springback of the force controller should be less than the springback of the
displacement and strain controller. The reason these points do not follow this trend is
because of operator error. The material used to obtain these data points had a thickness
of 0.032", which is very thin. This makes it difficult to handle the material without
altering the part shape.
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Chapter
Seven
CONCLUSIONS AND RECOMMENDATIONS
This chapter recollects the most important facts pointed out throughout this thesis and
summarizes them in section 7.1. The main goal of this chapter is to give the reader a
complete picture of the most significant results found in the research work presented
here. The last section of this chapter discusses some possible research topics to work
with in the future.
7.1 SUMMARY
Stretch forming is an important manufacturing process in the aerospace industry. This
process is currently characterized by low precision products. Many of the reasons for this
lack of precision are related to variations in the production line like: changes in material
properties, geometry, loading procedures and environmental conditions.
The error in shape of a stretched formed part can be represented by the springback ratio
in the part. This is a non-dimensional numeric value that shows how much the formed
part shape deviates from the desired shape. Where low values implies a good match.
Springback in a part can be quantified and compensated by modifying the die shape.
However variations in springback between similar shapes is difficult to compensate. This
is an important reason for studying the springback in a stretched formed part. The
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amount of springback in a part is actually determined by the amount of strain the material
is subjected to during the forming process. Even more, a high post-stretch strain will
minimize springback in the part.
There are three different modes in which the stretch forming process can be controlled:
force control, displacement control and strain control. The basic difference between each
mode is the control variable used to close the loop in the process. The part shape
accuracy is actually affected by the control mode used in the forming process. From the
above mentioned control modes, strain control is the most robust because it is capable of
rejecting production disturbances like changes in material properties and geometry and
variations in loading procedures.
The sensitivity of a controller represents how much the shape accuracy in a part is
affected by production disturbances. Where a high sensitivity implies a high variance
between parts formed in the presence of some error. Comparing the sensitivity of the
controllers to variations in material properties, the force controller is the most sensitive
one. Displacement control and strain control, both have a low sensitivity. However even
if the displacement control sensitivity is acceptable from a production point of view, this
control mode is inferior to strain control because it requires more time and experienced
people to get the production running. Also it does not take under consideration
compliance in the machine structure or variations in loading procedures like slack in the
sheet.
Theoretically and experimentally, strain control has proven to be a superior control mode
over force control and displacement control. Strain control provides repeatability and
part protection in the presence of production errors. However, despite all its advantages,
strain control is difficult to implement in an industrial environment. One of the biggest
problems is the strain measurement sensor. Most available equipment in the market are
not robust enough to withstand an industrial environment. Also they require a lot more
extra time and work to set them up before starting the process. This is a big drawback in
a production line. Specially if compared to the other control modes whose sensors are
92
Chapter 7 Conclusions and Recommendations
In-Process Strain Control of Stretched Formed Sheet Metal Parts
already incorporated in the stretch press and any required calibration is usually done
automatically without the operator even noticing.
7.2 FUTURE WORK
Strain control is good approach to help optimize the stretch forming process of sheet
metal parts. The incorporation of this control approach will definitely improve the
accuracy and repeatability of shapes in the industry. However, before this system can be
actually incorporated in a real production line, a more in deep research must be done in
relation to the strain sensors. Some of the problems to take under consideration are:
* Space requirements
* Attachment to the surface (if required)
* Capability of measuring a two-dimensional field
* Capability of taking an average measurement
* A fast sampling rate to be able to incorporate an automatic control system
The classical strain measurement sensor will be a strain gage. However, as explained
before they are too delicate. Advances in the technology have made machine vision
systems a practical solution to test in a strain control system. This accuracy of this
system will depend on the camera position resolution, internal camera geometry, the
numbers of pictures used in determining the 3-D coordinates' and the accuracy of the grid
pattern among others. Another example of a strain measurement system that can be taken
under consideration are a Linear Variable Displacement Transformers (LVDT's) and
extensometers. These systems offer reusable capability, compared to the strain gages,
and must likely an easier attachment method. Reliability of these sensors will depend on
the attachment mechanism used to fix them to the sheet surface. Vacuum pads are an
example of a simple mechanism easy to attach and detach. However, actual testing of this
' To measure 3-D coordinates of a surface area, multiple pictures are taken of the area, and the and the
corresponding two-dimensional points in each picture are identified by computer.
93
Chapter 7
mechanism showed they have little tolerance for any curvature and usually falls [8]. In
the case some other type of attachment mechanism is used, the material surface finish
must also be taken under consideration.
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Appendix
One
Force & Strain Controller Design
A1.1 INTRODUCTION
Part of this thesis work required the implementation of a force control system and an
automatic in-process strain control system. A control system is basically a collection of
components connected in such a way as to maintain a prescribed relationship between the
system output and a reference input [9]. This relationship is met by constantly comparing
the output with the input and adjusting the system actuators to reduce the error between
them; this is known as feedback or closing the loop. Automatic systems have the
capability to close a loop without the need of external human interference. The term in-
process in the strain control system, refers to the fact that the system uses the actual
material strain throughout the process and not a surrogate or theoretical estimate of this
state.
A1.2 STRETCH FORMING PROCESS
In a stretch forming process sheets are contoured over a die through a combination of
bending and stretching. Most forming inachines rely on electrohydraulic systems to
bend and stretch parts. Hydraulic systeits provide large forces with relative small size
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actuators. Also they provide quick response to electrical control signals through the use
of servovalves. There are three hydraulic systems in the stretch press used in this
research (figure Al-1).
Stretching Cylinder
Z AxisI.2 7
Stretching Cylinder
W Axis
Push Cylinders
Y Axis
Figure Al-1 Stretch forming hydraulic systems
Two of the hydraulic systems are part of the stretching mechanism, and they are
identified as the W and Z-axis. They provide the required load to pull the material to a
desired strain state. The third system is referred to as the push cylinders, and it is
identified as the Y-axis. It is responsible of pushing the complete stretching mechanism
to wrap the material over the die. Each of the hydraulic systems is composed of a
hydraulic cylinder (Parker 2H Series, 5" bore, 8" stroke for the stretching cylinders, 16"
stroke for the push cylinders) and a servovalve (Parker BD-15, max flow 2.5 GPM, max
pressure 3000 psi). In the case of the stretching cylinders they also have a clamping
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mechanism to hold the sheet. The servovalves convert the controllers electric signal into
a hydraulic output that controls the acceleration, velocity and position of the actuator.
Then the hydraulic cylinders convert pressure into mechanical force. The hydraulic
cylinder position is feedback to the motion control board using Celesco optical rotary
encoders. There is a single motion control board (Galil 1000) for all three systems, and
is responsible of generating the desired system behavior and closing the loop (figure Al-
2).
Figure A1-2 Hydraulic system block diagram
To form a part the basic procedure is to wrap the sheet over the die by moving the Y-axis
at a constant speed, while simultaneously moving the stretch cylinders in or out. The
stretch cylinders keep a prescribed material state while the part is wrapped. The Y-axis
traveling distance determines the angle of material wrapped and it can be calculated using
equation Al-1.
100
Appendix 1 In-Process Strain Control of Stretched Formed Sheet Metal Parts
DV
D-Ra Sin (0) 1
CD
Ra
0 Sheet Free Section O
Ct
'n
Y =Ra (i -cos(9)) +(D -Ra sin(9)) tan(9) (Al-i]
Figure Al-3 Geometry for computing Y-travel C~
Equation Al -1 is derived using the die radius of curvature (Ra) and the distance between
the center of the die and the center of the trunion on the hydraulic cylinder (D=18.32")
(figure Al -2). This equation only applies to two dimensional shapes with constant radius
of curvature.
During this wrapping stage, the stretching cylinders must follow a prescribed state of the
material in the presence of disturbances. Most of the time the desired state is a constant,
like a required pre-stretched load or strain. This is true even for pure bending, where
theoretically no load or strain is required.
The die used in this research has no special capability like linear motion or angular
rotation. This simplifies the control of the Y-axis to specify the required traveling
distances and a desired speed. Therefore, the only control work that is required for this
servosystem is to adjust the gains of the motion control board PID controller to obtain a
stable system with optimum performance. Even though it is presented here as a simple
task, the Y-travel of the machine is critical for the stretch forming process. This distance
determines the angle and the amount of material that is wrapped over the die. Therefore,
optimum performance can be defined as zero over shoot and zero steady state error, to
guarantee a precise and repetitive wrapping angle. On the other hand, the task and
control of the stretching cylinders is more involved and it will be discussed with some
detail.
A1.2.1 Process Modeling
Modeling the complete stretch forming process is extremely complicated. However, to
design the controller for the stretch cylinders, the model can be reduced to the hydraulic
cylinders controlled by the servovalves and the wrapping process can be represented as a
disturbance to this system.
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Time: k
Time: k+1
> ME11 Disturbance:
Sheet Wrapping
Figure A1-3 Stretch forming process control simplification
Let us assume we are forming a simple cylindrical shape. During the wrapping process
the sheet will bend over the die following a circular path. On the other hand the
hydraulic cylinder clamping the end of the sheet is constrained to a straight path, the Y-
travel. The difference between these two motions will define most of the hydraulic
cylinder rod trajectory.
During the wrapping process, some material of the sheet will be constrained to the die
surface and the rest will be free between the die and the clamp holding the sheet. The
length of material that is constrained to the surface of the die (Lb) can be calculated using
the shape radius of curvature (Ra) and the angle the material has been wrapped (equation
Al-2).
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Lb = RO (A1-2)
The angle of wrap 0, can be determined using equation Al-3, which is a rearrangement of
equation Al-1, used to determine the Y-travel. Where the distance D between the center
of the die and the hydraulic cylinder trunion, is now substitute by the original length of
the sheet L. This equation can be solved iteratively to obtain the angle 0 for different Y-
travel distances.
L sin(0) - ((Y- Ra) cos (0)) = Ra (A1-3)
If the end of the sheet is held fixed to the Y-travel path line, the free length of the sheet
will increase with the traveled distance. This free length (Lf) can be calculated based on
the die geometry and initial sheet length. The free section of the sheet will be function of
the angle of wrap.
L_ = (L - Ra sin(O)) (A1-4)
cos(9)
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The total sheet length of the part while wrapping will. be the length of the constrained
material (Lb), plus the free section of the sheet (Lf). If the wrapping force or strain must
be kept constant the length of the sheet must be kept constant as well (F=kAl, c=A/Lo).
Therefore the difference between the total length of the sheet and the desired length will
determine the cylinder rod path. From a control point of view, this change in length will
be a disturbance to our electrohydraulic system. Figure Al-5 shows the required change
in position of the hydraulic cylinder to keep a constant length on the sheet while forming
a 6' radius shape. This curve can be represented as a parabolic disturbance to the system.
a
0g0
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Time (s)
Figure A1-5 Die Shape Disturbance
8
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A1.3 FORCE CONTROLLER
A1.3.1 PERFORMANCE REQUIREMENTS
During the stretch forming process parts are deformed plastically to achieve the desired
shape. In the elastic region, the stress (c-) in the material is linearly proportional to the
strain (s) by a constant (E) called the elastic modulus. The stress-strain behavior in the
plastic region is best approximated by a constitutive relationship known as the "power
law", where the stress is proportional to the strain raised to the power n. When a sheet is
stretched for the first time, the material will follow the elastic relationship. Once it starts
to deform (yield point) the material will follow the plastic relationship. However, if the
sheet load is released in the plastic region, the material will unload elastically from the
point were it was released. This can be seen more clearly in figure Al -6.
Stress
(Y
aY
A B10-
Strain
E
Figure A1-6 Elastic-plastic behavior of material
106
In-Process Strain Control of Stretched Formed Sheet Metal PartsAppendix 1
From a control point of view this change in material behavior affects the controller's
effectiveness. An optimum controller will detect when the material is being loaded or
unloaded and compensate accordingly. To simplify the controller's task a performance
requirement of zero overshoot and zero steady state error will be established. Also a
damping ratio near unity will be required.
A high damping ratio will decrease oscillations that cause the material to change from a
plastically loaded state to an elastically unloaded state. The zero overshoot and zero
steady state error will assure that the controller will be constantly pulling the material and
no release of load will be required. These two last requirements will also protect the part
from being stretched to a higher load or strain state than required. This will protect the
part from material failure. As described before, the system will be disturbed by a
parabolic input. Therefore the system must be capable of rejecting this type of
disturbance.
A1.3.1 SYSTEM MODEL
A system model is a useful tool in the control design process. A model describes the
system behavior and it gives insight of what can be done to improve the system response
The force control system consists of a motion control board, a data acquisition board with
A/D and D/A, a power amplifier, a servovalve, a hydraulic cylinder, a rotary encoder and
a load cell. Part of this system is also the aluminum sheet, which is directly affected by
the process.
Servvalve eHytaU-C
FX ex OpiclEnodr
Board~oa Cel |or yidr
Figure A1-7 Force Control Block Diagram
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As seen in the block diagram there are two loops in the system. The inner loop exists
because the motion control board used in this research works with position. Therefore
the actual control of the hydraulic cylinder is position control. The outer loop is used to
correct for load errors. A feedback law is used to relate the load to position.
Before the system was modeled the block diagram presented in figure Al-7 was reduced.
Components that do not affect the dynamic response of the system were neglected, such
as the A/D and D/A, the power amplifier and the load cell. The bandwidths of these
systems are higher compared to the rest of the components.
The servovalve and the hydraulic cylinder are the main components of the position
control loop. The transfer function relating the controller motion command and the
hydraulic cylinder end motion is of first order with a free integrator. Important
assumptions taken in this model are that the fluid is incompressible and that the
displacement in the servovalve spool is proportional to the input current from the
computer.
Stretching Cylinder
GHS s+sb)
System Structure
Figure A1-8 Servo hydraulic system and transfer function
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The constitutive law of the servovalve is similar to the equation of flow through an
orifice, whose constants are a function of the hydraulic cylinder piston area, fluid density,
system mass, leakage constant, valve discharge coefficient and the sleeve valve opening
diameter.
Initial testing of the system showed that the motion control board does not allow updating
the position command continuously. That is, every time the system commanded the
hydraulic cylinder to move a distance, it waited for the system to complete the motion
before giving it another command. This limitation restricts the control system to use
velocity commands instead of position commands, because they can be continuously
updated.
The parameters of this system were obtained from a step test. The amplitude of the step
test is a change in speed of 0.4in/sec. A set of step tests showed that the system behaved
linearly for different step sizes. Figure Al-9 shows a normalized step responses of the
real W axis system as well as the response from the model.
1.4
1.2
0.8
0.6 -
0.4 -
0.2 -
0.: __' _
0 0.1 0.2 0.3 0.4
Time (s)
0.5 0.6 0.7
Figure A1-9 System and simulation step response
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It is important to mention that the motion control board is constantly closing the loop in
the system. Therefore, all the step responses presented here are closed loop responses.
Adding the aluminum sheet and a feedback law to the system tested above completes the
force control outer loop (figure Al-10).
FO e X Hydraulic V xF
t.. Feedback Law 1/. Sheet
Figure Al-10 Force control block diagram
The feedback law is required to change from a load error input to a position command.
To do this, a linearization of the power law was used to convert changes in load to change
in position and then this value was differentiated to get the velocity.
Load and displacement have a non-linear relationship in the plastic region of the material.
However, the controller is intended to keep constant force. Therefore, the load should not
vary much and the force displacement relationship can be linearized on a working point.
Also the force relationship for some materials above the yield point is characterized by an
almost flat line which implies there are not going to be big variations of load.
A rearranged power law is used to relate force and displacement (equation Al-5).
Where F is the resultant force on the sheet, Ao is the sheet cross sectional area, Lo is the
sheet original length, K is the material strength coefficient, n is the strain hardening
exponent and X is the sheet displacement.
F= j>X" (A1-5)
LO
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This equation was linearized using tangent linearization [Bernard 1986]. An important
step in this process is to select a point where equation Al-5 will be linearized. Most of
the tests done in this research where done at 1% strain. Therefore, the amount of
displacement required to achieve this strain will be used as the working point. For a
15.6" long sheet X0 will be 0.186 in. The linearized function is presented in equation Al-
8.
Finear = Fx + iF (A1-6)ax X
Fa K j±nA 0 KX" (A1-7)
Flinea, = AOK + LO n SX
Finear =3394+ 4569,X (A1-8)
Equation Al-8 calculates force based on the material load at the working point plus a
constant times the change in position. Since the controller deals with changes in load, the
constant value in this equation can be omitted. The required change in position can be
related to a change in load by a constant value of 4570. Using the power law, an increase
in load of a 1000 lb will require a change in position of 0.25in. Using the linearized
conversion factor, a change in load of 1000 lb will require a change of 0.22in. Based on
the reduction of work this constant represents for the actual implementation in the
system, the error in position is small and acceptable
The sheet block in figure Al -10 is used to represent the material in a plastic state. Plastic
strain causes the material to deform permanently, which causes the sheet to elongate
without any increase in load. Also, as explained before, the load will have a non-linear
relationship with the sheet displacement. Instead of trying to model this non-linear
behavior, the system will be identified using a step test.
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The system behavior can be seen figure Al-l l, which shows a step response of the force
control system. The step is a change in load of a 900 pounds in the plastic state of the
material. At this time the force controller is basically the feedback law with a
proportional gain.
Load (Ib)
System1000
800
600
400
200
0
0 1 2 3 4 5
Time(s)
Fiqurre A-11 Force controller steo response
The oppp loop transfer function of the force control system can be derived from the step
respoqsp #p figure A- l.
5.5
S(S+5.16) (Al-10)
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The model represents a 1 t order system with a free integrator. Looking at the step
response in figure A-11, two of the system requirements are already met by simply using
a proportional gain. That is, the system has no overshoot and is damped. The only
requirement not met by the system is rejecting the parabolic input disturbance.
The system is currently a type 1 system. Therefore it will have infinite error for the
parabolic disturbance [10]. To minimize the error to a constant, the system needs a free
integrator to make it a type 2 system [10]. This can be achieved with a PI controller.
The proposed PI controller is in the form of:
S-I K, (S +a)Ge = S (A1-11)
This controller will add a free integrator and a zero in a. When using the PI controller, it
is desired to keep the system stable with no oscillations while increasing the pole speed
as high as possible. A root locus plot of the force control system presented in figure Al-
12, shows that the best location of the zero is at -0.5.
113
Appendix 1 Controller Design
APp~pc1bd In-Process Strain Control of Stretched Formed Sheet Metal Parts
1.5
1
0.5
0
-0.5
-1
-1.5
Real Axis
3
2
1
0
-1
-2
-3
-6 -5 -4 -3 -2 -1 0
Real Axis
Figure A1-12 Force controller root locus for different zeros locations. The best zero
location is at a=0.5 where real negative poles can be obtained.
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A proportional gain of Kp=8.4 will put the closed loop poles of the system in the real axis
with no oscillations. Therefore the proposed controller is:
8.4(S + 0.5)
S
(A1-12)
It is important to recall that the actual goal of the controller is to keep constant force
during the process. The controller ability to reject a parabolic disturbance was tested
using a digital version of the PI controller in equation Al-12. The test was done by
holding an aluminum sheet between the W and Z-axis. The W-axis was controlled under
force control to keep a constant load of 26001b. Simultaneously, the Z-axis was moved in
.0
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1000
0
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Time(s)
25
a parabolic path.
Figure A-13 Controller Disturbance
Figure A- 13 shows the response of the system to the input.
As it can be seen in the plot, the system can barely keep constant force and only for slow
process speed. An increase in gain will make the system oscillate, which is an
undesirable response. To help improve the process speed, a learning control scheme was
implemented.
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A1.3.2 LEARNING CONTROL
Learning control is a good approach to "overcome analytic uncertainty inherent in
conventional controller design", and improve the transient response performance of
systems [11]. The main goal of learning control is to look for a sequence of inputs based
on the system error to acquire a desired response. It is important to mention that learning
control assumes that the desired system response is already known, the system operates
repetitively over a fixed time interval, and the initial conditions are reset before starting a
new cycle. Before trying to implement a learning control algorithm, it must be assured
that these conditions are fulfilled by the system under consideration.
In the stretch forming process the shape being formed will determine the hydraulic
cylinder piston trajectory. Therefore the system trajectory will be the same as long as the
die shape does not change. Our system is described by two state variables: Force at the
end of the hydraulic cylinder rod, and the hydraulic cylinder piston position. The value of
these two variables will be the same throughout different parts being formed as long as
there is no change in material geometry or properties. This can be seen in the plots bellow
which show the load and piston position of different forming trials for the same part
shape.
Stretching Hydraulic Cylinder Axis PositionStretch Formning Process Loads D ferent Stretching Trials
30002000
1800
2500 1600
1000
1500 1400
10 100U1500 a1000-
00
10000
500 200
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0 5000 10000 15000 20000 Tim ms)
TIme(ms)
Figure A1-14 Stretch forming state variable repeatability
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The desired system trajectory is not actually known. It could be calculated based on the
die shape (as explained before). But this will be time consuming and for some shapes
(e.g. saddle) it might be too complicated. However the required load is known at all time
(constant). This information can not be directly used in the learning process since it is not
differentiable over a fixed time interval; which is another requirement of the learning
control algorithm. However, we can use the error in load during the process as a
surrogate of trajectory information. The force in the material is related to the
displacement of the hydraulic cylinder as described in equations Al-5. Which implies
that this signal, or some function of it, implicitly defines the desired path trajectory and is
differentiable.
Therefore, the error in load it is a repetitive signal of known value (zero), representing
the desired system path. This error is differentiable, making it appropriate for the
learning control system. Also the system is homed to the same initial position each time
a new part is made. Therefore the stretch press system meets the basic requirements and
learning control seems like a feasible approach to improve the system performance
IMPLEMENTING THE LEARNING CONTROL
Arimoto's learning control algorithm was used to improve the performance of the system
[11]. The system will have a memory for storing previous control results and inputs with
a learning law to update the memory. The learning control law and block diagrams of the
system are shown in equation Al-13 and figure Al-15 respectively. In this equation U
refers to the system input and e to the load error.
Uk~ = k ±~ + de
Uk,- = Uk+ ae +#-- (A1-13)dt
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The first step in the learning control scheme is to form an initial part. The error in load
from this process will be converted to a set of feedforward gains using equation Al-13.
Note that this gain will be time dependent. This is represented in equation Al-13 by the
subscript K. The calculated gains are stored in the system memory. In the next forming
trial the part will be formed using the filtered error signal from the PI controller plus the
feedforward gains calculated previously. At the end of this trial, the second set of gains
are calculated using the error in load from this process plus the gains calculated from the
first trial. This sequence is repeated until an acceptable process is obtained.
A Visual Basic Graphical User Interface was used to handle all the information and
process settings like required load and Y-travel distance. Visual Basic is also responsible
of acquiring the data for the control algorithm and calculating the next set of forward
gains based on the learning law. Appendix 2 shows the visual basic graphical user
interface and briefly explains some of its components and how to use it.
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The Motion Control Board handles the I/O information from the load cells, system
encoders and sends the required input to the servovalves. The algorithm flowchart as
well as the interaction between Visual Basic and the Motion Control Board is presented
in figure Al-16.
Visual Basic Interface
Figure A1-16 Learning control flowchart
L EA RNING CONTROL RESUL TS
While implementing the learning control algorithm different proportional and derivative
gains for the learning law were tested. The best response and the fastest convergence
was obtained using a=1.25 and P=0. As seen in the graph bellow, Arimotho's Learning
control algorithm helped improve the transient response of the system while increasing
the process speed form 0.03 in/sec to 0.5 in/sec.
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Figure A1-17 Learning Control
The biggest difficulty in the learning controller is forming the initial part. As it can be
seen in figure Al-17 the load in the first iteration increases rapidly, which might cause
the material to fail. Note that the process speed can be increased using the gains obtained
in the last iteration in figure Al-17 as an initial guest of the new process speed. The
learning controller was able to reduce the error with only four iterations. After this
iteration there is a 5% error in the load which is acceptable in our process.
One last important observation is the fact that the learned gains can be applied to any load
setting. This can be seen in figure Al-18, where three parts were formed at different
wrapping loads using the same input gains from the learning algorithm.
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Figure A1-18 Increase in process load
This allows the initial iteration to be done at a low load level to minimize the chances of
part failure, and the actual part production can be done at a high load level to minimize
the springback in the shape.
A1.4 STRAIN CONTROLLER
The strain control system will be subjected to the same environment as the force control
system. That is, the material will have the same elastic-plastic behavior. Also the process
disturbance will be a parabolic input as described in section A2. 1. The major difference
between these two systems is the state variable used to close the loop. In the case of the
strain control system, strain gages will be used to measure the strain on the surface of the
sheet (figure Al-19). Each strain gage was connected to an Omega BCM1 strain gage
bridge completion module to complete a wheatstone bridge, and the signal was
conditioned using an Omega DMD465 strain gage conditioner amplifier moduel.
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Figure Al-19 Strain control block diagram
A1.4.1 PERFORMANCE REQUIREMENTS
The strain control system will have the same performance requirements as the force
controller. They are:
" Zero overshoot
" Zero steady state error
" Damping ratio near unity
" Reject parabolic input disturbance
As seen in figure Al-19 the strain control system has the same inner loop as the force
control system. This loop is composed of the servo-hydraulic system and the motion
control board. As explained before this system can be represented by a first order
transfer function with a free integrator.
GH = a [A1-14]
S(S + b)
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The outer loop of the strain control system is completed with a feedback law, a block
representing the material in the plastic stage and the derivative and integral blocks to
change from position to velocity and from velocity to position respectively.
VO Hydraulic
SeLvo-system
Figure A1-19 Strain control block diagram
The feedback law is obtained by rearranging the definition of strain, which is given by
equation Al-15.
[A1-15]
The same design approach used in the force control system was applied to the design of
the strain controller. A step test was used to identify the system transfer function. The
response of the system is presented in figure Al-20. As it can be seen the system has zero
overshoot and a zero steady state error for the step input. The step is a change of 0.01
strain. This is equivalent to a change of a 1000 lb in the plastic state of the material. The
data presented in the plot is normalized for an easier understanding.
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Figure A1-20 Strain control step response. Step input is a change in strain of 0.01
for the material in the plastic region.
The open loop transfer function identified from the step test in figure Al-20, has the same
structure of the force control transfer function.
3.6
S(S+4.17) [Al-15]
This equation represents a type 1 system. A parabolic input will have infinite error in this
system; therefore a PI controller was proposed to help minimize the error in the system.
The PI controller will have the same structure as equation Al- 11.
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Based on the system root locus the best location of alpha is at -0.4. A proportional gain
of Kp = 5.5 will locate the closed loop system poles in the real axis. This will keep the
system stable and eliminate any undesired oscillations.
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Figure A1-21 Strain controller root locus.
The suggested PI controller has the following form.
S5.5(S + 0.4)
S
2
[A1-16]
It is important to recall that the actual goal of the controller is to keep constant strain
during the process. As in force control, the strain controller ability to reject a parabolic
disturbance was tested using a digital version of the PI controller in equation Al-16.
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Figure Al-22 shows the strain behavior in the material while a part is actually being
formed.
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Figure A1-22 Strain control test. Process data while stretch-forming a 6" cylindrical shape at 0.13%
In this forming trial the control gage was located in the straight section of the sheet. As it
can be seen in the plot the suggested controller is capable of keeping the constant strain in
the stretch forming process, but only for slow process speeds.
At the time this thesis was written no work was done to implement a learning control
scheme in the strain control system.. However, the strain control system meets the basic
requirements of a learning controller. Therefore, some work could be done to incorporate
a learning scheme in to this controller.
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A1.5 SUMMARY
The stretch forming process is characterized by an elastic-plastic material behavior,
depending whether the material is being stretched or released. To simplify the controller
tasks the following performance requirements were established:
" Zero overshoot
" Zero steady state error
" Damping ratio near unity
" Reject parabolic input disturbance
The wrapping process can be modeled as a parabolic disturbance to the control system.
On the other hand, the force control system and the strain control system can be
represented by a first order transfer function with a free integrator. Using a simple
feedback law and a proportional gain the system was stable with no overshoot and
acceptable steady state error (step input), for both controllers. However, both of the
controllers are type 1 system. This implies that the system will have infinite error for a
parabolic input.
To minimize this error a PI controller was implemented in both systems. This controller
is effective for low process speeds. To help increase the process speed a learning control
scheme was used with the force controller. The learning control scheme works
effectively and improved the process sped by a factor of eight. The learning control
scheme has not been applied yet to the strain control system.
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Appendix
Two
STRETCH PRESS USER MANUAL
A2.1 IyNTRODUCTION
The main purpose of this appendix is to present the basic procedure involved in using the
MIT reconfigurable die press. The main components of the system are presented in
section A2.2. This section should be referenced while reading the instructions in the
following sections to identify any specific component or location of a system. The rest of
the setions will discuss how to operate the machine to form a part. The basic steps to
complete this process are:
e Setting up a desired shape
" Loading a sheet in the hydraulic press
" Forming the part
A2.2 MACHINE COMPONENTS
The system has five major components: the setup mechanism, the reconfigurable die, the
stretch cylinders, the push cylinders and the controller. They can be identified on figure
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A2-1,A2-2 and A2-3. The description of these components is presented in chapter 2.
Here they will just be mentioned as appropriate to complete a step or procedure.
Passive Interpolator
Die Clamp
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Beams
Stretch Active
Cylinder Die
Pins Interpolator 
\\_Support
Beams
Stretch-press components; system side view
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A2.3 Stretch Code
Before the system is used, the Computer must be turned on, and the program STRETCH
must be running. The program STRETCH is a Visual Basic Code, which serves as an
interface between the system and the user. The Main Control window of the program is
presented below in figure A2-4. This window allows the user to select between different
control modes.
Figure A2-4 Main control window
The code has four different control modes: manual, force, displacement and strain control
(chapter 5). Each control mode has its own Graphical User Interface (GUI). They can all
be accessed from the Main Control Window. Another window in the program is the
Record Window. This window allows the user to record data of the system status in a file.
All these GUI's can be seen in figure A2-5, which shows the main control window at the
top left connected to all the others windows. No two control windows can be opened
simultaneously. Furthermore, each time a control window is closed an abort command is
sent to the motion control board for safety.
All control windows have a similar layout. They consist of a message window at the top,
four frames and an abort button at the bottom. Frames are just a group of objects
bounded together. These objects are physically bounded by a line, with the name of the
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frame on top. All frames are similar between the different control windows. The first
one at the top left is named Control. This frame holds all the command buttons. The
frame at the side of this one is named Shape. This frame allows the user to set all the
shape parameters like Y axis travel, process speed, pre-stretch load or strain etc. The next
frame is named System. This frame has a set of polls that constantly gives information
about the system status. To make them work the check box at the upper left corner of the
poll box must be marked. The last frame, the one at the bottom right is a terminal for the
motion control board. Specific characteristics of each control window will be explained
later as required. The Abort button will halt the execution of any program or command
sent from the motion control board. The abort action can also be achieved using the right
mouse button anywhere inside a control window.
A2.4 Shape setup
The first step in the stretch forming process is to set up the desired die shape. On the
main control window, click Control Modes and a menu will show up. Select Pin-Setup
from the pull down menu. This will bring the Pin-Setup window (figure A2-6). Notice
that the main control window is still open.
Message Window
r Ae
Figure A2-6 Pin-Setup window
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The motion control board in this system is constantly closing a loop to keep a precise
target position. To avoid unexpected motions, the servoerror in the system must be
corrected. Warning: This must be done before powering the hydraulic system by
pushing the Servo Here button. If this is the first time the machine is turned on, resetting
the motion control board will be appropriate. This can be done by pressing the Reset
Board button.
Following, the Pump Fan Cable on the wall behind the controller should be plugged in.
Also, the Electronic Circuit Switch must be turned on, and the Kill Switch must be
raised. Important: before turning the hydraulic system on, one hand should be kept
over the kill switch. In case something does not work as expected this button must be
depress without hesitation. This should always be done whenever the system is in use.
Pushing the green button on the Hydraulic Switch will turn the hydraulic system on. The
hydraulic pump should be making noise in the adjacent room. After the pump is turned
on, the system should always be checked to make sure everything is stable.
Now the Home Press button must be pressed. This command will move the W, Z and Y
axis to their home position. Homing the press is always required to correctly and
accurately wrap the part over the die.
Next, the reconfigurable die must be cleared to set up a new shape. That is, all pins will
be moved to the same level to get a flat face. Before doing this, the die pressure gage
must read 0 psi (figure A2-7). This is the pressure exerted against the die to hold all the
pins together. If the pressure is not zero, the system must be turned off to relieve the
pressure and the die valve must be closed. The system may be restarted by following the
steps describe before.
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Die Pressure Gage
Figure A2-7 Die pressure gage location
Now, the Home Pins command will push the active or main carriage (figure A2-1)
against the pins. After the pins have been homed, care must be taken that no pin extends
outward from the back of die shape. Extended pins might damage the Setup Mechanism.
If required, tap lightly with a hammer to lower any extending pins.
Before continuing, the three Setup Mechanism power switches must be turned on (figure
A2-2). The Setup Mechanism can now be homed by clicking on the Home Pin Setter 3D
button. After the the mechanism is homed the Pin Setup 3D button can be pressed. This
command will bring a file directory window where the input file with the pins
coordinates can be selected. For a complete explanation on this file format and how to
create them please refer to Marko ValIjavek; A Closed-loop Shape Control
Methodology for Flexible Stretch Forming Over a Reconfigurable Tool. Once the
shape is setup, the Setup Mechanism power switches can be turned off. At this time the
shape interpolator can be placed and secured in front of the die.
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A2.5 Loading the sheet
Independently of the control mode used, all windows in the Control Frame have three
important commands buttons: Reset Board, Servo Here and Home press. The Reset
Board command should be used every time the board needs to be cleared of a program.
The Servo Here button as (explained before), should always be pressed before turning the
system on. This button makes sure the current machine position will be the position the
motion control board will try to maintain. After the Servo Here is executed, the system
can be turned on as explained in section A2.4. Now the system can be homed by clicking
the Home Press button. This command will configure the system to hold a sheet 15.25"
long with a maximum thickness of 0.1".
Once the machine is homed, the W and Z stretch cylinders must be aligned properly to
load the sheet. This is done by using two aluminum alignment jigs as seen in figure A2-8.
Clamp
Aluminum Jig
Figure A2-8 Stretch cylinder alignment jig
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Once the stretch cylinders are aligned the sheet can be loaded between the jaws. The
material is secured by tightening the screws on the back of the clamps. Care must be
taken as to snug the material evenly between the clamps. Before the process continues,
the jigs must be removed from the system
Once the material is properly secured between the clamps, the desired control mode must
be selected from the main control window.
A2.6 Force Control Window
The force control window allows forming parts under force control. This control
algorithm has a learning scheme to improve the precision of the stretch forming process.
The learning scheme records the load during the process and provides extra inputs to the
system to compensate for errors.
message Window
~Li I
Figure A2-9 Force control GUI
138
Let us look first at the Shape frame. Most of the inputs are self explanatory, but they are
briefly explained bellow:
* Shape Name: This is the filename used to refer to the error data file as well as
the input gains to compensate for errors.
* Iteration #: This is the number of trials done with the current setting (load,
speed, shape).
* Pre-Load: This is the pre-stretch load applied to the sheet. If the process
sequence is drape forming, some small value must be entered here (i.e. 8001b).
" Post Load: This is the post-stretch load applied to the sheet. If no post load will
be applied a 0 should be entered here.
" Safety Load: If the load specified here is reached during the process, the
program will abort automatically.
" Longest pin: The longest pin distance extending from the die shape.
" Travel: This specifies the traveling distance of the Y axis. This distance will
determine the amount of material wrapped over the die.
" Speed: Process speed. Note the speed is in counts per seconds.
" Learning gain: These are proportional gains for the learning control scheme.
After all the Shape settings have been properly entered, two steps could follow. If this is
the first part formed under these properties, the Wrap button should be pressed. This will
make the system will ask for a folder to save the process error data. It is important to
remember where this data is saved since it will be used later to calculate a new set of
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input gains. After the data folder is selected the system will automatically wrap the
material over the die. The control algorithm will start by pulling the sheet from both
sides until the Pre-Load force is reached. Then, both W and Z axis will maintain their
position while the sheet is brought in contact with the die. When the sheet meets the die,
the W axis returns to force control, while the Z axis is held fixed. After wrapping 1.25"
of material, the Z axis is then commanded under force control. This allows friction to
build between the hydraulic cylinders so they do not fight over each other. After the part
is wrapped, a post stretch is achieved by pulling the sheet with both stretching cylinders
simultaneously.
The Return Carriage button should be hit to return the main carriage to its home
position. The process load is recorded in a file with the name "EL-Shape Name-
Iterstion#.txt", located in the previously selected folder. The next step is to prepare the
set of input gains to improve the process. This is done by pressing the Prepare Input
File button. This command will create the new set of gain as explained in Appendix 1.
This gains will be saved in a file named "IL-Shape Name-Iteration#.txt.". Notice that the
Iteration # field will now increase by 1.
If some previous gains were previously recorded, the Previous Shape command button
should be pressed. This command will bring up a file directory window to select the
folder containing the required input gains. The file will be identified with the letters IL at
the beginning and the iteration number at the end, with the shape name in the middle.
Selecting this command will only load the gains to the memory. To actually form the
part, the command Wrap must be pressed.
The system behavior can be monitored by marking the desired information in the System
frame. Also, some data can be recorded by opening the record window and selecting the
desired information to record. This will be explained in more detail later.
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A2.7 Strain Control Window
The strain control window allows the user to form parts under strain control. This
window is similar to the force control window. At the present time the learning
algorithm has not been implemented in the strain control system. Therefore, from the
control window the commands Previous Shape and Input File are not currently working.
Message Window
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Figure A2-10 Strain control GUI
To form a part under strain control, the strain gages must be attached to the sheet surface,
connected to the signal conditioner and calibrated. To attach the strain gages to the
surface of the sheet please refer to Measurement Group web page or any strain gage
handbook.
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The system has three signal conditioners (figure A2-1 1). Each box completes a quarter
wheatstone bridge. That is, a single strain gage can be connected to each signal
conditioner.
Figure A2-11 Strain gage signal conditioners
The system relies on shunt calibration to tune the strain gages. That is, a strain state is
simulated to get a conversion factor from voltage to strain. To calibrate the gages:
1. The signal conditioner box must be turned on.
2. Checking with a voltmeter, the voltage between the connectors labeled Bridge
Balance should read zero. If not, the resistance inside the box must be
adjusted until the voltmeter reads zero
3. Checking with a voltmeter, the voltage between the connectors labeled
Output should read zero. If not, the conditioner Offset must be adjusted until
the voltmeter reads zero.
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4. In order to calibrate the gage, a reference voltage must be calculated. This is
done using equation A2-1, where V is the calibration voltage, Rg is the gage
resistance, Rc is the calibration resistance (Rc=5.88E3 0), 6 max is the expected
maximum strain and Gf is the gage factor.
V = 10 R R (A2-1)V = amGf (Rg + RJ(21
5. The calibration switch must be toggled down, and the signal conditioner gain
must be adjusted until the calibration voltage is obtained.
Once each gage is calibrated the signal conditioner output must be connected to the
motion control board's analog inputs. Each signal conditioner is identified with a
channel number as well as the connectors from the motion control board. The gage with
the maximum strain should be connected to channel 4, the gage with the minimum strain
should be connected to channel 5, and the gage located in the representative point should
be connected to channel 3. This should always be kept constant, since the control code is
written with this defaults.
Once the calibration is done the shape parameters must be entered in the Shape frame.
Most of the fields are similar to the force control GUI. However, instead of specifying a
pre or post stretch load, a pre or post stretch strain must be specified. Also the voltage to
strain conversion factor for each gage must be set. This conversion factor can be
calculated using equation A2-2:
Conversion -- ' (A2-2)10
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Before actually forming a part a wrap mode must be selected from the Wrap frame. The
two choices are force or strain wrap. If force is selected the part is first wrapped over the
die at 1000 lb using the load cell signal to close the loop, and then the sheet is post-
stretched using the strain gages. This is useful if the strain gages are located on the die
area where bending strain will affect the controller. On the other hand if strain is selected
as the wrap mode, the controller will use the strain gages signal to form the part.
Another option is to check the minimum strain. If this is selected, the minimum point of
strain in the material will be verified after the post stretch to assure it has been exposed to
the desired minimum strain. If not the material will be stretched until this value is
attained. After making the required selections, the forming process is completed by
hitting the Wrap command button. As explained above the learning control scheme has
not been applied to the strain controller. Therefore the process is done at low speed to
assure constant strain. After the part is wrapped, hitting the Return Carriage button will
bring the main carriage back home
A2.8 Displacement Control Window
The displacement control algorithm can only be used for drape forming. This GUI works
exactly the same as the force control GUI, with the exception that instead of specifying a
post stretch load, the final position of the hydraulic cylinders are specified. The wrapping
process is done at a constant load of a 10001b. It is important to mention that the W and
Z axis position must be specified in encoders count not in inches.
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Figure A2-12 Displacement control GUI
A2.9 Manual Control Window
The manual control mode is the most flexible one. There are two major of features
included here. First the frame Shape does not exists, instead it is named Manual
Control. In this frame the desired axis acceleration, deceleration, velocity and moving
distance can be specified arbitrarily. Then each axis can be moved independently.
Before moving an axis, the distance must be specified as absolute or relative. It can also
be commanded to jog. Also, the Control frame is now named Standard Control. The
difference with the other control modes is that an arbitrary DMC file can be executed by
selecting it with the DMC File command button. This will bring a command window
where the desired file can be selected. A DMC file is an assembly language code written
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on a text editor. The code is downloaded in the Galil motion control board to control and
command the actuator motions in the system. To learn more about DMC files, please
refer to the DMC-1000 Manual by Galil Motion Control inc. An important note about
these files is that a variable B must be set equal to 0 at the beginning and it must be made
equal to 1 at the end of the file. This is a flag variable used by the program to know when
the DMC file started and ended. Before running the program the file execution name
must be typed in the DMC XQ# Name field. To execute the file the only thing left to do
is to hit the Execute DMC button.
Message Window
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Figure A-13 Manual Control GUI
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A2.10 Recording Data Window
Specific data from the system or from an analog input channel can be recorded using this
window. To set the recording data, load the Record window from the main control panel.
r Z 2
r
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Figure A2-14 Record GUI
Then, the desired information can be selected from the Options frame. Special inputs can
be typed in the last three fields. The next step is to set the sampling time. The minimum
sampling time attainable by Visual Basic is 1Oims. The Data File button is used to select
the file where the output will be written. If there is no file available, a new file can be
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created with Notepad. The Number of Data is the number of options selected to record.
This will be used later when the data file is organized.
To record data the Use Trigger check box must be marked. When a DMC file is
executed or a part is formed, the program will automatically start recording data. After
the data has been acquired, it is organized by pressing the Organize button. This
command will sort the data so it can be exported to Excel. The organized data file will
have the same name as the file where the data was recorded plus a 2 at the end.
A2.11 System Shutdown
Once the part is done and unloaded from the system, it is important to turn the hydraulic
pump off by pressing the red button on the Hydraulic Switch or depressing the Kill
Switch. After the pump is turned off the hydraulic pressure must be relieved from the
system. This is done by toggling the Dump Valve switch. It is important to always turn
all electronic equipment off and unplug the pump fan cord.
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